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Crystallization is a purification process during which molecules of a
crystal compound bond together arranging themselves in a compound
specific orderly lattice structure in which foreign molecules known as
impurities do not precisely fit the structural pattern of the growing
crystal. Thus their inclusion in the crystal lattice while not impos-
sible is certainly difficult resulting in a largely pure crystal. Crysta-
lization is a key process in the pharmaceutical industry as it is used
to produce the active pharmaceutical ingredient (API) that is absor-
bed in a patient’s body to deliver the desired medical effect, thus
high product purity is paramount. During crystallization processes
undesirable quantities of nanocrystals are commonly generated cau-
sing challenges in downstream processing such as clogging of filters.
The lack of complete understanding of the cause of fines prevents the
achievement of consistent particle size distributions (PSDs). In phar-
maceutical laboratory experiments increased rotational speeds have
brought about large increases in particle numbers with much of the
product material lost to fines. The increased particles numbers are
assumed to be caused by increased shearing of nuclei off the surface
of seed particles. This thesis examines the change of phase resolved
fluid velocity and shear stress as a result of rotational speed and im-
peller type and examines the influence of baffles. An experimental
set-up was designed to best replicate the mixing vessel of a Labmax
where the initial crystallization experiments of Paracetamol in IPA
yielding large particle numbers were carried out. Particle Image Velo-
cimetry (PIV) was used to measure particle flow velocities from which
turbulent shear stresses are calculated. Finally, the direct influence
of impeller type on particle size distribution (PSD) was examined in
cooling batch crystallization experiments again of Paracetamol in IPA
in an Optimax using a mixing vessel of the same size and dimensions
of both a Labmax and the mixing vessel used in PIV experiments.
Results conclusively show an increase of particle count with increa-
sed shear stress as the impeller types that generate the highest shear
stresses also produce the highest particle counts. Particle size distri-
butions for all impeller types also show lower mean values for higher
shear impellers but also a larger number of fines and a lower number
of large particles. Knowledge of the effects of shear stresses in cry-
stallization processes permit better control over final PSDs whether
through impeller type selection, rotational speed selected, the use of
baffles or a combination of all. Based on extensive experimental data
an equation to predict turbulent shear stress in stirred vessels is pro-
posed to prevent the necessity of complex measurement techniques for
newly designed crystallization experiments.
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N Rotational speed RPM
n Rotational speed 1/s
Np Power number −
np Particle count −
p Average Pressure Pa
P Power W
p Pressure Pa
Po Power number −
Q Volumetric flow rate m3/s
R Tank radius m
xvii
Nomenclature
r Local radius m
Rp Particle radius m
Re Reynolds number −
S Supersaturation −
s Solubility g/100ml
Stk Stokes number −
T Temperature ◦C
t Time s
tc Circulation time s
tm Mixing time s
to Relaxation time s
TSS Turbulent shear stress N/m2
u Mean velocity m/s
u Velocity m/s
u′ Fluctuating velocity component in x-
direction
m/s
uf Flow velocity relative to the particle m/s
uo Fluid velocity m/s
up Particle velocity m/s
Utip Impeller tip speed m/s
Utip Tip speed m/s
V Volume L
v′ Fluctuating velocity component in y-
direction
m/s
Vp Particle volume m
3
α Impeller blade angle m
Greek Letters
α Impeller blade width ◦
γ Growth exponent −
λ Wave length nm
µ Dynamic viscosity kgm−1s−1
φ Phase angle ◦
ρ Density kg/m3
ρp Particle density kg/m
3
σ Normal stress N/m2




The pharmaceutical industry is one of the most profitable industries in the world
with an annual revenue of $775 Billion in 2015 according to the United Sta-
tes Government Accountability Office and $1,143 Billion in 2017 according to
Statista. The research based pharmaceutical industry is one of Europe’s major
high-technology industrial employers according to the European Federation of
Pharmaceutical Industries and Associations (EFPIA) and receives approximately
35,000 Million EUR in funding for research and development from the pharma-
ceutical industry. 745,000 people are directly employed in the pharmaceutical
industry in Europe. In Ireland it is the sixth largest industry [independent.ie,
Tuesday 12 September 2017] and exports EUR 55 Billion worth of products and
employs 50,000 people. The pharmaceutical industry develops drugs, produces
and packages them and brings them to market. Following drug development, a
production process for large quantities is developed with focus on efficiency and
in particular product yield as even a 1% increase in product yield would raise
profit margins hugely. The afore mentioned production efficiency relates to time
efficiency which can be influenced in many ways. Firstly the chemical process
can be streamlined to avoid any unnecessary time delays. Secondly time impro-
vements can be sought through changes to the chemical process such as changing
chemicals used. Thirdly ways can be sought to reduce or eliminate downstream
processes and lastly cleaning times following production can be reduced depen-
ding on production plant set-up and chemicals used.
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1. INTRODUCTION
1.1 Particle size distribution
Particle size distribution (PSD) is of great importance in the production of active
pharmaceutical ingredients (APIs) and dictates downstream processing of cry-
stals for drug production. It shows the size range of crystals and the amount of
mass consumed by each size range. By influencing the final particle size during
the crystallisation process, further processing of crystals such as milling can be
reduced or even avoided. However the creation of very small crystals known as
fines remains an unsolved problem costing pharmaceutical companies dearly due
to loss of material, loss of manufacturing time and increased cleaning times. Ide-
ally a PSD would display a single peak referred to as unimodal, with the majority
of crystals in the desired size range but the presence of large amounts of fines
commonly leads to a bimodal PSD meaning there is a second, usually smaller
peak in the small size range. Fines are an unwanted by-product of crystallization
with a significant amount of valuable material consumed by fines.
The shape of the PSD is greatly influenced by the crystallization process. In
cooling crystallizations the supersaturation level is controlled by temperature.
As the temperature is reduced a solvent’s ability to keep a solute dissolved is
reduced and crystal formation becomes more probable. When crystals are alre-
ady present in the system they both grow and serve as nucleation sites for new
crystals thereby consuming solute and reducing the supersaturation level. If both
the supersaturation increasing effect of temperature drop and the supersatura-
tion reducing effect of solute material consumption are kept in balance, a more
consistent split between nucleation and crystal growth can be achieved due to
consistent supersaturation levels. However, even with constant supersaturation
levels the conditions do not remain identical as there are increasingly more nu-
cleation sites and growth surfaces as more and more solute material comes out
of solution. Whether a cooling crystallization or even a crystallization process
in general is nucleation or growth dominated depends very much on the super-
saturation level. If the supersaturation is very high which can be achieved by
rapid cooling and also in antisolvent crystallization processes if the antisolvent
is added to the solution very quickly, the crystallization is nucleation domina-
ted. A higher supersaturation simply means the solution is further away from
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equilibrium and in order to achieve an energy balanced state there is a greater
necessity for dissolved material to come out of solution. Primary nucleation re-
quires more supersaturation than secondary nucleation meaning where primary
nucleation occurs, secondary nucleation is also present except when a solution
is nucleus free. When supersaturation levels are kept low through slow cooling,
gradual addition of antisolvent or in the case of evaporation crystallization du-
ring which the evaporation of the solvent slowly increases the supersaturation,
the crystallization process is growth dominated. In the former case the highest
peak in the PSD will be in a much lower size range than in the latter case.
1.2 Secondary nucleation hypothesis
Anwar et al. (2015) state in their secondary nucleation hypothesis that crystalli-
tes that form on a seed surface can be sheared off while their bonds are still weak.
Nanocrystals formed from clusters of solute material in the boundary layer of pa-
rent crystals are most susceptible to detachment due to shear stresses. Detached
particles become parent crystals themselves meaning the process is auto-catalytic.
Figure 1.1 shows a model of the concept of surface-induced nucleation of clusters
and spontaneous nucleation in solution.
De Souza et al. (2016) reported that the same seeded crystallization experiment
run at three different rotational speeds caused a very noticeable difference in
total particle count over time with the total number increasing with rotational
speed. At the time of seeding the solution was clear meaning there were no other
particles present in the vessel and as the particle count increased, the solution
became increasingly cloudy. The investigated agitation speeds of 200 rpm, 300
rpm and 375 rpm returned particle counts of 850, 1250 and 2300 respectively.
The resulting volume based particle size distribution shows a consistent increase
in small particles with increasing rotational speed. Consequently, due to preser-
vation of mass a lower volume percentage of large particles is also reported with
increasing agitation speed. Figure 1.2 shows FBRM counts over time and their
dependence on impeller rotational speed.
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Figure 1.1: Surface-induced nucleation of clusters and spontaneous nu-
cleation in solution - Anwar et al. (2015)
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Figure 1.2: Final product PSDs of 200, 300, and 375 rpm crystallization
experiments with comparison to the seed PSD - De Souza et al. (2016)
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The findings of both Anwar et al. (2015) and De Souza et al. (2016) suggest that
hydrodynamics and particularly shear are the cause of secondary nucleation. Un-
derstanding the effects of hydrodynamics and shear coupled with the ability to
control them could lead to tailored particle size distributions.
1.3 Shear stress
Regardless of PSD, as more and more solute material is consumed, the initially
clear solution becomes a slurry which increases the particle density and thus the
stresses present in the crystallization vessel. As the slurry thickens the shear
stresses that the crystals are subjected to increase. Even before this effect comes
into play, there are already significant shear stresses acting on the fluid and any
particles that have formed in it. During crystal growth when solute molecules
are settling on the crystal surface it is not helpful to have mechanical forces
act upon those surfaces. Shear stresses in particular work against such a bond
preventing attachment completion in many instances, particularly in areas of the
vessel in which shear stresses are at their highest. In such cases solute molecules
are returned to the solution unless they have bonded with one another to form a
cluster of critical size in order to survive as a new independent crystal. Such a
cluster has a lower inertia compared to a parent crystal of much larger size. Small
particles follow the fluid flow more accurately and thus are subject to less stress
on the body surface whereas large particles react to changes in the flow more
slowly due to higher inertia and cause more resistance due too drag. If both a
small and a large particle were caught in a vortex the small particle would rotate
with the fluid and would not experience any stresses if sufficiently small and not
even have a boundary layer. The larger particle however would rotate at a much
slower velocity than the fluid and thus cause resistance in the form of a shear
stress. In that case a boundary layer would form.
1.4 Research Objectives
The objective of this research is to determine shear stress values in stirred vessels,
more specifically continuous stirred-tank reactors (CSTRs) as commonly used in
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pharmaceutical crystallization experiments in order to determine what stresses
crystals are subjected to during formation and growth. While the literature provi-
des results of numerous studies on cylindrical stirred vessels, there is little known
about shear stress values in round bottomed stirred vessels. Additionally this
work is concerned with determining which impeller type is best suited for either
high or low shear stresses, depending on the application and in particular the
desired final PSD. At the same time the experiments in this work will show that
increased agitation speeds which caused significantly greater volume percentages
of fines in the work of De Souza et al. (2016) increase shear stresses. Further,
this thesis addresses the issue of scale up which always becomes important when
laboratory processes are implemented at production scale. While full production
scale experiments exceeded the scope of this work, the given initial system is sca-
led up to two larger sizes to examine how shear stresses generated in larger stirred
vessels by larger impellers would influence total particle counts and particle size
distribution. The literature does not provide values for shear stresses in CSTRs
at varying scales. The research questions answered in this thesis are as follows:
• How are velocities distributed in CSTRs and what are their values?
• How are shear stresses distributed in CSTRs and what are their values?
• How do impeller type, rotational speed and baffles influence velocities and
shear stresses?
• How do known shear stresses impact on the PSD?
• How are shapes of velocity and shear stress profiles effected at scale-up?
Based on the research questions the following steps were implemented to ans-
wer all formulated questions:
• Employ Particle Image Velocimitry (PIV) to capture actual fluid velocities
experimentally.




– Capture velocities along radial profiles.
– Calculate shear stresses from velocity profiles.
– Compare velocities and shear stresses between varying set-up options.
• Compare PSDs of batch crystallization experiments using different impeller
types.
1.5 Thesis Outline
The remaining chapters of this dissertation are as follows:
Chapter Two provides a literature review of hydrodynamics in stirred vessels.
Chapter Three gives an overview of the status quo of crystallization.
Chapter Four describes the experimental set-up of all PIV experiments and cry-
stallization experiments discussed in this thesis.
Chapter Five presents the results of all conducted PIV experiments and presents
the variance in particle size distribution of cooling batch crystallization experi-
ments using different impeller types.
Chapter Six presents turbulent shear stress calculations for both the vertical and
horizontal planes for all scales.
Chapter Seven provides a summary of the work along with conclusions drawn




Mixing in stirred tanks has been investigated intensively over the last number of
decades with a lot of attention placed on flow patterns and on providing numerical
values to a range of flow characteristics such as velocity, turbulent kinetic energy,
turbulent kinetic energy dissipation rates, shear rates and shear stresses (Mavros,
2001). Hydrodynamics in stirred vessels have a great influence on chemical and
biochemical processes with the latter having received far more attention as it was
recognised in very early experiments that even small forces are often damaging to
growing cell cultures. For this reason it is worth drawing on knowledge from well
studied biochemical systems and processes. In order to reduce or even prevent
damage to cell cultures particularly during the growth stage, researchers looked
to a variety of design solutions. A simple approach would be to keep rotational
speeds at a level below which no cell damage occurs. That however would result
in poor mixing, reducing growth times and thus increasing process times leading
to reduced production outputs. In order to counteract poor mixing, solutions
were implemented using multiple impellers on the same impeller shaft at the
same low rotational speeds meaning that forces on the cells were not increased
while uniformity of mixing was improved. When implementing multiple impellers
attention must be paid to the distance between individual impellers to ensure the
generation of flow loops that circulate the entire mixing vessel. Bakker et al.
(2000) discovered that if the distance between the two impellers is three times
the impeller diameter, uniformity of mixing is greatly improved. When a greater
impeller distance is selected the flow loop breaks into two separate flow loops and
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there is very little mixing between both flow loops. The impellers used in their
study were three blade high efficiency impellers. Efficiency in this context refers
to a reduction of energy input at the same level of mechanical output. Figure
2.1 shows the comparison of flow between a single impeller system and a dual
impeller system both with impeller distance to impeller diameter ratio of 3 and
3.7.
Figure 2.1: Comparison of flow between single impeller system and dual
impeller system both with impeller distance to impeller diameter ratio
of 3 and 3.7 - Bakker et al. (2000)
While crystals and particle clusters are typically not as fragile as biological cells
it is certainly beneficial to look at some of the solutions found in the field of
biochemistry and apply them where suitable to pharmaceutical crystal growth
processes. We can especially and very directly learn from the magnitude of hyd-
rodynamic stresses detected in stirred vessel experiments in order to gain a better
understanding of what stresses growing crystals are subjected to. While there are
many studies that investigate hydrodynamics in stirred vessels, a great number
of them report only on systems using Rushton turbines which are not commonly
used in the pharmaceutical industry nor are they found in the literature concerned
with pharmaceutical applications. This is the case both for publications on ex-
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perimental work and on numerical modelling. The impeller types typically used
in the pharmaceutical industry and in pharmaceutical laboratories are pitched
blade turbines (PBT), as axial impellers are typically more efficient at suspen-
ding solids which can be an issue in a slurry and retreat curve impellers (RCI)
only common at industrial scale, which are radial impellers and can be imagined
as straight blade impellers (SBT) which curve away from the rotational direction
see figure 2.2. The most common impeller type is a 4-blade 45◦ pitched blade
turbine (4PBT45) as used in the work of De Souza et al. (2016), Mitchell et al.
(2011), Ó’Ciardhá, Frawley and Mitchell (2011) while 4-blade 60◦ pitched blade
turbines (4PBT60) are becoming more widespread as they are delivered with
complete automated laboratory crystallization systems such as Mettler-Toledo’s
Optimax. Akrap et al. (2012) used both a 4PBT45 as well as a straight blade tur-
bine (4SBT90) in batch cooling crystallization experiments. Frequently however,
impeller types are not given in articles on crystallization work (de Albuquerque
and Mazzotti (2014), Vetter and Mazzotti (2015)) which hints at the lack of
attention to their affects on hydrodynamics in stirred vessels and the resulting
shear stresses. This thesis addresses these differences and investigates their ef-
fects to provide a better understanding for crystallization researchers in future
experiments.
2.1 Reynolds number
With any hydrodynamic set-up one of the most important measures is the Rey-





Where ρ is fluid density, n is rotational speed in [1
s
], d is characteristic diameter
which in the case of stirred vessels is the diameter of the impeller and µ is dynamic
viscosity of the fluid. From the value of the Reynolds number we can tell if the
flow follows and orderly path in the case of dominating viscous forces and is thus
more defined and predictable, or if it becomes chaotic and thus more difficult
to predict as is the case when inertial forces are more dominant. The former is
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Figure 2.2: SolidWorks design of 65 mm diameter Retreat Curve Im-
peller
referred to as laminar flow and the latter as turbulent flow. There is no clear,
single, unified definition of turbulence in the literature. Hanjalić et al. (2009) refer
to it as the continuous fluctuation of velocity, pressure, density, temperature and
as motion in irregular, disorderly, non-repeating, unpredictable manner. Beyond
any doubt turbulence enhances mixing, transfer of momentum and heat by orders
of magnitude. While turbulence is not entirely predictable, very good estimates
can be achieved when the correct assumptions are made regarding the physical
set-up and boundary conditions.
The starting point for all estimates of turbulence is the Navier-Stokes equation
2.2. It is a non-linear, second order partial differential equation for which no
exact solution exists unless some terms can be neglected which may be the case






















For complex turbulent flows this is not the case and the equations must be solved
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numerically. This approach is called numerical modelling. Solving the com-
plete Navier-Stokes equation numerically - known as direct numerical integration
(DNS) - is computationally very expensive to an extent whereby simplifications
are commonly sought. The two most common simplified and computationally fas-
ter approaches used are the Reynolds Averaged Navier-Stokes (RANS) equation
























where ρ is fluid density, p is pressure and ρu′iu
′
j is the turbulent stress tensor.
Both approaches use preprocessed equations to facilitate computation with
off the shelf computers. RANS requires turbulence modelling to account for lost
information as a result of the averaging of the Navier-Stokes equations. A flow
field in a stirred vessel is fully turbulent between Reynolds numbers of 103 and 104
depending on impeller type (Croughan et al. (1987), Paul et al. (2004), Janssen
and M.M.C.G. (2006)). Mean velocities, circulation patterns and turbulence
level can be simulated with good accuracy through CFD methods (Derksen and
van den Akker, 1999), however this is not the case for fluctuating velocity values.
Further, individual areas of the stirred vessel are not well predicted by CFD,
particularly between phases. Thus the accurate measurement of the fluctuating
velocity components by location as well as the variance in flow pattern by location
would prove to be very valuable in the development of CFD models and to help
validate the accuracy of CFD results.
2.2 Transitional Region
In between the completely laminar (Re below approx. 8) and fully turbulent
(Re above 10 000) flow regimes in stirred vessels (Paul et al., 2004) there is
the far more complex transitional region in which different parts or areas of the
same flow are both laminar and turbulent (Metzner and Taylor, 1960). Many
pharmaceutical experimental set-ups are run in the transitional flow regime. In
such experiments areas of turbulence are always found in the impeller region
(Norwood and Metzner, 1960). This can be the case even when the flow near
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the vessel wall is entirely laminar. While mixing in a vessel in the transitional
flow regime might be poor overall it can be assumed that the fluid in the impeller
region is perfectly mixed as that is the most thoroughly mixed region in the vessel
(Norwood and Metzner, 1960) and also produces the highest Reynolds number.
The highest velocity in the vessel is achieved by the impeller tip itself and the
fluid or solid particles cannot reach a higher velocity than the tip. The highest
fluid velocity and velocity of any particles contained in it is always in the impeller
zone and the velocity decreases with proximity to the vessel wall until it reaches
zero at the vessel wall due to the no slip condition which means there is no fluid
motion at that location. Gómez et al. (2010) report fluid velocities of 52% of the
tip speed in the impeller zone and 30% of the tip speed 5mm below the impeller.
2.3 Shear Stress
The difference in local velocity at adjacent points known as the local velocity
gradient is what causes shear. For Newtonian fluids like water and methanol,
shear stresses are linearly proportional to the shear rate and the viscosity of the
fluid remains constant at constant temperature. That means there is a linear
relationship between shear stress and velocity gradient. Velocity profiles are ty-
pically examined along the radial profile from the impeller tip to the vessel wall.
The position along the profile is given as radial position r relative to the entire
radius R where an r
R
value of 0 refers to the centre of the vessel and a value
of 1 refers to the vessel wall. Changes in velocity along such a profile deliver a
velocity gradient. Where there is more energy present more energy can be lost
and thus the largest velocity gradients are close to the impeller tip and are orders
of magnitude higher than the average over the radial profile (Midler and Finn,
1966). They then reduce with proximity to the vessel wall. Velocity gradients
along with knowledge of the dynamic viscosity of the agitated fluid allow the
calculation of shear stresses along the same profile. Along that profile from im-
peller tip to vessel wall, shear rates are proportional to rotational speed (Metzner
and Taylor, 1960). Soos et al. (2008) reported that the shear distribution over
the entire radial profile from impeller tip to vessel wall is three orders of mag-
nitude for a Rushton turbine in a 2.5 litre vessel and along with Derksen and
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van den Akker (1999) noted that the highest shear values are generated in the
impeller zone. That is also where the greatest power dissipation occurs (Metzner
and Taylor, 1960). Shear rate is a function of rotational speed (Sánchez Pérez
et al., 2006) - typically given in revolutions per minute (rpm) - which must be
the case when there is a sole velocity generating energy source with sufficient
space for the generated energy to dissipate. As mixing is dependent on motion
which is caused by the agitation of an impeller, mixing time decreases with in-
creased Reynolds number brought about by increased rotational speed (Norwood
and Metzner, 1960). While many authors discuss turbulence in stirred vessels,
they typically report turbulent kinetic energy and its dissipation rate (Amira
et al. (2013), Bakker et al. (1996), Baldi and Yianneskis (2004), Derksen and
van den Akker (1999), Hockey and Nouri (1996), Kumaresan and Joshi (2006),
Metzner and Taylor (1960), Sharp and Adrian (2001), Sheng et al. (1998)), shear
and dissipation rates (Kumaresan and Joshi (2006), Metzner and Taylor (1960),
Sánchez Pérez et al. (2006), Soos et al. (2008)) but do not provide shear stress va-
lues. In their work on stirred fermenters focusing on shear stress related damage
to fragile tissue Midler and Finn (1966) state that in the presence of high local
velocity gradients which are present in stirred vessels, it is the maximum and not
the average shear stress that must be considered. Shear stresses are forces per
area that act parallel to a surface of a body and when sufficiently high, can cause
damage to a solid body they are acting upon. The higher the shear rates and
the associated shear stresses the more damage can be caused to a solid particle
(Sánchez Pérez et al., 2006). Typically a body can withstand a certain amount of
stress until it breaks, deteriorates or even fatigues if subjected to otherwise tole-
rable stresses for an extended time period. Particularly in the case of aggregates
when individual particles are bonded together, their molecular bonds are not as
solid as those of a single particle of similar size and shear stresses can break up
bonds even if not sufficiently strong to shear material off a single particle surface.
The maximum size of aggregates is controlled by the highest value of shear rate




In stirred vessel set-ups, the energy comes from the overhead stirrer via the
impeller shaft and impeller blades into the system. It is at that point where
the energy is at its highest and the energy dissipates with distance from the
impeller. Dissipation rates are highest near the centre of the impeller stream and
decay rapidly outside this region (Baldi and Yianneskis, 2004). High dissipation
rates are a direct consequence of higher velocities and cause greater turbulence
(Saarenrinne and Piirto, 2000). The rates of dissipation however decrease with
distance from the impeller (Metzner and Taylor, 1960) as the less energy remains,
the less energy can be lost. The dissipation rate controls the rate of mixing at
the molecular scale (Fox, 2003).
2.5 Vessel Type
The vessel type used in crystallization processes is a continuous stirred-tank re-
actor (CSTR). It is a round bottomed cylindrical stirred vessel and is used at all
scales from small laboratory scale to large industrial scale. The main purpose of
the curvature of the vessel floor is to facilitate swift and full drainage of the ves-
sel via an outlet in the centre of the vessel floor after completion of a production
cycle. Due to a lack of edges there is no place for any product material to get
caught and remain in the vessel and also simplifies the cleaning process of the
vessel. While there are benefits to the production and cleaning process, there are
disadvantages to CFD modelling of such vessels compared to cylindrical vessels
with a flat floor. CFD models for such vessels are much further developed and
thus predictions of the hydrodynamics in flat floor cylindrical vessels are much
more accurate. In particular the mesh is much easier to define than in round bot-
tomed cylindrical vessels. For this reason CFD was not considered in this work,
rather it is the case that results from experimental Particle Image Velocimetry
(PIV) can provide the required data to develop CFD models to accurately predict




An impeller’s main function is to create uniformity in a mixing vessel by means of
mass, energy and heat transfer. They are designed to mix homogeneously, prevent
particle settling and phase separation and insure a uniform temperature within
the vessel. When agitating fluids in a stirred vessel by means of an impeller, a
choice must be made regarding the impeller type. Very simply, impellers can
be divided into axial and radial impellers which dictate the direction in which
the fluid is pushed. Radial impellers project the fluid in the radial direction
meaning from the impeller tip horizontally out towards the vessel wall. It is in
the immediate impeller region that radial impellers produce the maximum shear
rate. Axial impellers, as the term indicates push the fluid in the direction of
the impeller shaft axis, downwards towards the vessel floor in most cases but
also alternatively upwards towards the liquid surface. It should be pointed out
however that axial impellers also produce a push in the radial direction even if
its magnitude is much less by comparison. This typically leads to a poorly mixed
zone immediately below the impeller shaft in the case of a downward pushing
impeller as the combination of axial and radial direction cause the fluid to be
pushed down and away from the tip towards the curvature of the vessel base
where it interacts producing more energy dissipation in the region below the
impeller (Kumaresan and Joshi, 2006). From there most of the generated fluid
velocity continues up the vessel wall and not towards the centre of the vessel floor
beneath the axial impeller. The type of impeller implemented dictates the flow
loop or flow loops of the bulk flow. Axial impellers generate one big flow loop
regardless of whether it is an up pumping or a down pumping impeller. For down
pumping impellers the flow loop is as follows; beginning from the impeller tips
pushing down to the vessel floor, the fluid moves outward along the vessel floor
and proceeds up the vessel walls to the liquid surface. At that point the flow
continues inwards towards the impeller shaft where it then moves down along
the shaft completing the flow loop. If the rotational direction is reversed, the
same impeller becomes an up pumping impeller and the described flow loop is
reversed. Radial impellers generate two flow loops, one above and one below
the impeller blades. After the flow moves out radially from the impeller tip and
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reaches the vessel wall it moves both up and down as more flow is arriving at
the vessel wall and the flow cannot stagnate. This is how the separation into
two flow loops is formed. The upper flow loop is much like that described by
the down pumping axial impeller, moving up the vessel wall to the liquid surface
where it moves inward towards the shaft and down the impeller shaft back to the
impeller itself. The lower flow loop moves in the opposite direction like an up
pumping axial impeller loop. From the separation point at the vessel wall, the
flow moves downwards along the wall and continues inwards along the vessel floor
to the centre point under the impeller where it then moves up until it reaches
the impeller again. Flow patterns have a great effect on solids suspension. Fluid
motion below radial impellers is slower than below axial impellers, particularly
down pumping axial impellers and consequently axial impellers are more efficient
at suspending solids (Bakker et al., 2000). A study by Devakumar and Saravanan
(2008) concluded similarly that pitched blade turbines achieve better gas hold-up
than paddles and turbines at identical power input. Figure 2.3 shows a diagram
of flow loops as generated by both impeller types.




There are two ways in which the impeller position can be defined in a stirred ves-
sel. In terms of centricity and clearance. In pharmaceutical experiments whether
in the laboratory or in the production plant, impeller and shaft assemblies are
commonly placed centrally in the mixing vessel and therefore, that is how the im-
peller and shaft are positioned in all experiments in this work. There are however
good reasons why that is not done for other applications. Placing and impeller
shaft assembly ex-centrally in a mixing vessel creates asymmetry and prevents
solid body rotation even without the use of baffles. The question of impeller
clearance however does not deliver a unified answer within pharmaceutical labo-
ratories. Impellers seem to be placed into mixing vessels at arbitrary clearances
and are frequently not even mentioned in publications on pharmaceutical expe-
riments. The fluid dynamics literature however does provide an answer stating
that an impeller clearance of 1
3
of the vessel diameter is most efficient (Devakumar
and Saravanan, 2008). Bakker et al. (2000) discovered that if the stirrer clearance
C relative to the tank diameter T is set above a certain value which is dependent
on the impeller type and the impeller diameter D relative to the tank diameter
T then the flow in the system is reversed. The values can be taken from figure
2.4 for two different impeller types, a four blade pitched turbine P-4 and a three
blade high efficiency impeller HE-3.
2.8 Impeller Diameter
The literature on fluid dynamics provides an answer to this question which is
not closely followed in the pharmaceutical industry. Generally an impeller to
vessel diameter ratio of 1
3
is recommended as the ideal impeller diameter. In
pharmaceutical laboratory experiments much larger impellers are typically used.
Fully automated mixing systems made for and sold to pharmaceutical companies
and universities with mixing vessels and impellers typically have an impeller
to vessel diameter ratio of 0.45. There are examples in the literature of batch
crystallization experiment series with impeller to vessel diameter ratios of 0.46
(Akrap et al., 2012), however much higher ratios of 0.6 are also found (De Souza
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Figure 2.4: Maximum stirrer clearance values for four blade pitched
turbine P-4 and three blade high efficiency impeller HE-3 beyond which
fluid flow is reversed - Bakker et al. (2000)
et al. (2016), Mitchell et al. (2011), Ó’Ciardhá, Frawley and Mitchell (2011)).
Frequently however, impeller diameters are not given in articles on crystallization
work (de Albuquerque and Mazzotti (2014), Vetter and Mazzotti (2015)) which
hints at the lack of attention to their affects on hydrodynamics in stirred vessels
and the resulting shear stresses.
2.9 Mixing time
Mixing time tm is commonly defined as the time required to reach a predeter-
mined degree of uniformity which is typically 10% of the final concentration. A
probe can be inserted into the solution to measure the concentration of a tra-
cer. The tracer can be a different compound, the same compound at a different
temperature or even a dye for visual detection. As an alternative to the use of a
probe, a non intrusive method can be implemented in the form of Planar Laser
Induced Fluorescence (PLIF) whereby a specific dye, typically rhodamine is in-
serted into a mixing vessel. The colour of the laser light reflections depends on
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the concentration of the dye throughout the vessel and can be captured by a high
speed camera that can accurately measure the time required until homogeneity
is achieved and visually detected by a uniform concentration distribution of the
used dye. Circulation time tc is defined as the time required to complete a full
cycle of the circulation loop as described above.
2.10 Baffles
The use of baffles in mixing systems prevents the rotation of the solution as a unit
also referred to as solid body rotation and increases mixing by up to three times
((Zadghaffari et al., 2009) and (Busciglio et al., 2014)). Commonly one or four
baffles are used in reactors however systems with three baffles are also found. In
the case of multiple baffles the distances between baffles is kept constant. Baffles
widths are typically 1
10
of the reactor diameter (Kumaresan and Joshi, 2006) and
run the full height of the reactor along the vessel wall. The thickness of baffles is
dictated by the strength of the baffle material which must bear the force of the
liquid in motion. One baffle systems are often a preferred solution when much of
the space in a vessel is taken up by a variety of measuring probes and there may
not be sufficient space for multiple baffles. The choice of baffle number can also
depend on the impeller type used in the system. Retreat curve blade impellers
(RCI) are commonly used with a single baffle, either a fin baffle (Bakker and
Oshinowo, 2004) or a cylindrical baffle above the height of the impeller blades (Li
et al., 2005). Baffles can take up three different positions within a vessel; normal
to the reactor wall and in contact with it, normal to the reactor wall and without
contact with it meaning a small gap remains and at an angle to the reactor wall
without contact with the wall. Baffles can cause temporary settlement of particles
as forces required to move them can be very small in slow moving regions behind
baffles (Bakker et al., 2000). Baffled systems mix better with mixing times up
to 2-3 times shorter than unbaffled systems and at constant power input up to
3-5 times shorter unless the central vortex in an unbaffled system reaches the
impeller (Busciglio et al., 2014). When this is the case, air entrapment enhances




Rotational speed has a very large impact on mixing in stirred vessels. Fluid
velocities of Newtonian fluids in the horizontal plane of an impeller vary almost
linearly with rotational speed (Metzner and Taylor, 1960) and the average shear
rate is a function of rotational speed and appears to be proportional to rotational
speed for all positions between the impeller tip and the vessel wall (Metzner and
Taylor (1960), Sánchez Pérez et al. (2006)). The higher the rotational speed, the
higher the Reynolds number and thus the more turbulent the system becomes.
Rotational speeds are not always given in articles on crystallization work (Vet-
ter and Mazzotti, 2015) which hints at the lack of attention to their affects on
hydrodynamics in stirred vessels and the resulting shear stresses.
2.12 Phase Angle
Phase angle refers to the angle between a fixed line from the impeller shaft to the
vessel wall and the relative position of the impeller blade. It gives the degree by
which the impeller has moved on from that line. A 0◦ phase angle means that
the impeller is on the line and a 15◦ phase angle means that the impeller has
rotated 15◦ on from the line. The reason why phase angle is of interest in stirred
vessels is because the energy added to a mixing system via an impeller is not
identical at all positions relative to the impeller blade. Only by capturing data
by phase angle is it possible to quantify differences between velocities and shear
at different locations in stirred vessels.
2.13 Power Number
Between the different impeller types there can be significant differences in terms
of mixing efficiency but also in terms of power draw. As a measure of power draw
of impeller types, we look to the power number. For stirred systems, it is the
ratio of consumed power to the generated inertial forces and is dimensionless, see
(2.4). In laminar flow it increases linearly with Reynolds number, in turbulent
flow the power number is independent of the Reynolds number and is a constant
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(Chapple et al., 2002). Figure 2.5 shows power number as a function of Reynolds
number for multiple impeller types. In the figure, linear progression is visible in
the laminar flow regime while constant Np values are evident in the turbulent





Figure 2.5: Power number as a function of Reynolds number for different
impellers - Calabrese et al. (2014)
Where P is power, ρ is fluid density, n is rotational speed in [1
s
] and d is
impeller diameter. Power numbers and flow patterns in stirred vessels depend on
a number of parameters such as number of blades, blade angle, blade width and
thickness, blade twist, pumping direction and interaction with the vessel wall but
also location of impeller, impeller diameter, vessel diameter, vessel floor design
and internals such as baffles and probes (Kumaresan and Joshi, 2006). When
mixing a fluid in a reactor at a given rotational speed with different impeller
types of identical diameter the power input required and as a result the power
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number varies. For a given system with a tank to impeller diameter ratio of 3,
a tank width to impeller clearance ratio of 3 and a tank width to fluid fill level
ratio of 1 for Reynolds numbers in the region of 7x103 to 106 (above 200 rpm at
laboratory scale), the power number varies significantly depending on impeller
type. For a Rushton turbine, a paddle and a marine propeller the power numbers
for the above described system are 8, 2 and 0.8 respectively. Chapple et al. (2002)
investigated the effects of impeller to tank diameter ratio and discovered that for
pitched blade turbines the ratio directly effects the power number. Typically,
low power numbers generate mean flow which leads to higher dispersion, high
power numbers cause high turbulent kinetic energy which improves mass transfer
(Kumaresan and Joshi, 2006).
2.14 Mixing Scales
Mixing in stirred vessels is generally separated into three mixing scales, the macro
scale, the micro scale and the meso scale. All three mixing scales are necessary
for good mixing. Macro scale mixing is the result of movement of bulk flow
meaning the large flow loops dictated by the impeller type as described above.
Their size is generally limited by the geometry of the vessel they are contained in
meaning that if the vessel size were increased - within reason - the flow loops would
increase with it. Their size, more precisely the diameter of flow loops also known
as large scale ring vortices, is in the order of half the vessel diameter (Sharp
and Adrian, 2001). Mixing in the micro scale is brought about by turbulence
and is a much more localised form of mixing. At the point where turbulence is
generated - in stirred vessels around the impeller tip - eddies are formed which
break down into a cascade of smaller and smaller eddies from the Taylor macro
scale until the smallest eddies of the Kolmogorov length scale eventually break
up and dissipate into heat (Huchet et al., 2009). The meso scale lies between
the macro and the micro scale and is also referred to as the intermediate mixing
scale. It is the dominating mixing scale in the transitional region between laminar
and turbulent flow where molecular and viscous diffusion are important (Barrett
et al., 2011). Impeller blades generate a pair of counter rotating tip vortices
above and below the impeller tip originating from the edges of the blades causing
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micro mixing (Sharp et al., 2010). High shear insures good blending and is
necessary to facilitate a chemical reaction (Metzner and Taylor, 1960). At smaller
Reynolds numbers the mean Kolmogorov length scale becomes larger (Baldi and
Yianneskis, 2004). The different size eddies have different effects on particles
contained in turbulent fluid. In large eddies small particles of the micro scale move
with eddies and as a result experience reduced net stresses on their surfaces. It is
as though they are letting themselves be pushed around without any resistance.
That is however not the case for micro carrier motion in small eddies as they are
too small for the particles to follow the flow. Consequently the contained particles
experience more of the full net force on their surfaces (Croughan et al., 1987). A
measure of accurate flow of particles along stream lines that represent the flow of
the actual fluid is the Stokes number. It is a dimensionless number representing
the ratio of the characteristic time of a particle over the characteristic time of the
flow and must be well below one to safely assume that particles accurately follow





where to is the relaxation time of the particle, u0 is fluid velocity well away from
the obstacle and l0 is the characteristic dimension of the flow. The relaxation time
of a particle is the characteristic time of the particle, given as fluid velocity over
particle acceleration. In the Stokesian regime in which the drag force coefficient







where ρp is particle density, dd is particle diameter and µ is dynamic viscosity.
Equation (2.6) is determined with Newton’s second law which states that force is
equal to mass multiplied by acceleration, and Stokes’ law which gives drag force
(Fd) as
Fd = 6πµRpuf (2.7)
where Rp is the radius of the particle and uf is the flow velocity relative to the
particle. With drag force being the only force on each particle, Fd is set equal to
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mass time acceleration or in this case the product of particle density and particle
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Thus the relaxation time to of a particle is the fluid velocity divided by the













Scaling up a mixing system requires knowledge of the system that is being mixed,
the compounds used and any follow-on processes intended. It is a complicated
trade-off between aspects of scale up which can have opposite effects on the system
as a whole. Geometrical scale up provides inconsistencies between scale-up by
length, area and volume. If one is chosen to be scaled up by a specific factor the
other two will not be scaled up by the same factor. Multiplying length by a factor
of 10 will lead to an area increase by a factor of 100 and a volume increase by
a factor of 1000. Maintaining constant rotational speed with scaled up impeller
blades leads to an increased tip speed which will cause additional shear and can
cause damage to any particles present which might not be the case at the original
smaller scale. If the tip speed were to be kept constant the rotational speed
would have to drop by a factor of 2πr. Reynolds numbers increase upon scale up
unless rotational speed is reduced. Scale-up with constant Reynolds numbers does
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not necessarily signify similar flow patterns (Metzner and Taylor, 1960). Also,
at greater scale, flow loops are increased meaning that flow loop cycles require
more time to be completed unless rotational speed is increased drastically and
consequently power requirements would take on unsustainable levels in addition
to the issues addressed above. This makes a scale up with constant mixing time
rather unrealistic. Typically the criteria by which stirred vessels are scaled up are
the Reynolds, Froude and Weber numbers, tip speed, power number, and ratios
of power to volume and volume rate to velocity head (Petela, 1993). In this
work constant power to volume ratio is selected. If the turbulent eddy model is
valid, scale up at constant power to volume ratio should not lead to detrimental
hydrodynamic effects (Croughan et al., 1987). At the same time a number of
other ratios are upheld; impeller to vessel diameter, impeller clearance and fill
ratio.
2.16 Particle Image Velocimetry (PIV)
Particle Image Velocimetry is a non-intrusive velocity measuring technique which
instantaneously captures images of particles in motion. A high speed, high reso-
lution camera captures images with very small time differences so that the same
particles can be identified on two successive images. The camera records only
those particles that are illuminated by a laser plane with all other particles and
indeed the remaining experimental set-up left in darkness. A very precise, high
power laser is required to illuminate a thin laser plane so that the reflection of
laser light can be seen by the camera despite very short opening times of the ob-
jective and a separate light sheet is generated for each individual image captured.
Image pairs can be recorded and the shift of particles captured between them
evaluated. To do so the images are subdivided into interrogation cells and each
cell is then individually compared to the corresponding cell in the other image of
an image pair using cross-correlation, a statistical evaluation which works out the
best match. Based on the average shift in terms of distance and direction within a
single interrogation cell, a local displacement vector is calculated and along with
all vectors from all other cells a vector field can be generated. Vector fields each
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representing an image pair can then be averaged over a number of vector fields
giving average velocities and average flow direction for an investigated flow field.
The seeding particles used in PIV must be small enough to follow the fluid flow
without any risk of inertial forces causing them to drift away from the path which
the fluid is following. At the same time particles must also be sufficiently big to
allow good scattering of the laser light. This can however also be achieved by
increasing the laser power, only at a higher energy cost. Further, large particle
sizes can cause data drop-out in critical areas of the flow field as for example in
vortex cores, shear flows or boundary layers (Raffel et al., 2007).
PIV was chosen over LDA because in addition to measuring velocities in
three directions which both can do, PIV provides velocities of entire planes at
once rather than just individual points. It is of great interest to capture global
flow fields to determine where velocities and ultimately shear stresses are highest




Crystallization is still a relatively new field and as a result major fundamental
findings are still made. Some aspects of crystallization theory are not fully proven
and based on best assumptions while others have been disproven which will be
discussed in a following subsection. Crystallization itself is a purification process.
It is the formation of solids from molecules in the liquid state much like rain is
the formation of liquid from molecules in a gaseous state. This process is called
precipitation and is the counter process to dissolution. When crystals form, they
do so in a structured fashion, forming what is called a crystal lattice. Each
molecule is packed neatly within the structure, all with the same orientation
making it difficult for a foreign molecule - referred to as an impurity - to take a
place in the well-defined structure.
3.1 Supersaturation
In order for solids to form in a liquid, there must be more of that substance
contained in the liquid than the liquid can hold in an energy balanced state.
This state is called supersaturation. A system is simply saturated when a liquid
holds as much dissolved material as it can in an energy balanced state meaning
there is no change over time in terms of precipitation or dissolution. This can of
course only be true if no other changes are made to the energy balanced system.
Examples of possible changes to the saturated state are changes in temperature,
pressure or evaporation of the liquid in which the material is dissolved. The liquid
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containing the dissolved substance is referred to as a solvent and the dissolved
substance is referred to as a solute. In order to dissolve any compound, the
correct solvent must be chosen as not every compound is soluble in every solvent.
Thus we speak of the solubility of a compound in a solvent and for common
compound-solvent combinations their values of g/100ml are given in tables. The
table format is necessary as solubility is mostly a function of temperature. The
temperature difference is laid out visually in solubility curves which show the
dependence of solubility on solvent/solution temperature. Such a solubility cure
is given in figure 3.1. At higher temperatures, solvents can typically dissolve more
solute and thus as the temperature reduces a solvent’s ability to dissolve a solute
and/or keep it dissolved reduces. This temperature dependence is frequently used
to cause crystallization through cooling. Referred to as cooling crystallization it
permits very good control of supersaturation levels through strict temperature
control. A further form of crystallization is anti-solvent crystallization in which
case a liquid in which the solute cannot dissolve is added to the supersaturated
solvent-solute mixture thus reducing the overall ability of the mixture to keep
the solute in a dissolved state. Finally, crystallization can be achieved through
evaporation crystallization which tends to be a much slower process. As the
solvent evaporates, there is less solvent remaining to keep the solute in a dissolved
state and crystallization begins and particles precipitate out of the solution.
3.2 Nucleation and growth
When supersaturation is sufficiently high crystals can precipitate out of a solu-
tion independently. The process of precipitation is referred to as nucleation and
when it occurs purely from the liquid state it is referred to as primary nucleation.
Should it also occur without any contact with any solid, whether another particle
or the wall of the body containing the solution, it is referred to as homogeneous
primary nucleation. When however primary nucleation occurs in contact with
any foreign object, we speak of heterogeneous primary nucleation as the foreign
object serves as a catalyst during crystal formation. The assistance of the foreign
particle means that less supersaturation is required for heterogeneous primary
nucleation to occur compared to homogeneous primary nucleation. Secondary
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nucleation is the formation of solute particles under the influence of already ex-
isting particles of the same material. The literature refers to a number of forms
of secondary nucleation; Existing crystals serve as a catalyst much like described
in the case of heterogeneous primary nucleation only that the catalysing particle
is not a foreign particle but a crystal of the same compound. Secondary nuclea-
tion through breakage is referred to in the literature as the breaking of particles
as they collide with each other or with parts of the vessel they are in, such as
impeller blades, baffles, probes and vessel walls (Liiri et al., 2002). Elsewhere in
the literature breakage in stirred vessels is disputed. Tyrrell et al. (2018) showed
experimentally that crystal particles with a size range between 100 and 400 µm
accelerated perpendicularly towards a solid surface are cushioned by a squeeze
film boundary layer when they approach the solid surface proving that secondary
nucleation through collision between particles and other objects is not the main
cause of high particle numbers. Further there is the secondary nucleation hypot-
hesis by Anwar et al. (2015) that states that solute molecules forming clusters
on the surface of existing crystals get sheared off the surface before their bonds
with the surface become sufficiently strong to remain on the surface of the parent
crystal and the detached crystallite becomes an independent crystal of its own.
The newly formed crystal can then serve as a further nucleation site and the
process becomes auto catalytic with the total particle count increasing rapidly.
Commonly a crystallization process is initiated by seeding the supersaturated
solution. That means an amount of crystals of the same compound is added to
the solution to aid the initiation of nucleation and growth. When solute molecu-
les precipitate out of solution they either nucleate in one of the ways described
above or grow onto and remain on seed surfaces, thereby not changing the to-
tal number of particles. Depending on the compound and in particular on how
supersaturation is controlled and the forces on particles, crystallization can be
either nucleation dominated or growth dominated. When a crystallization process
has already begun meaning that crystals are already present in the vessel which
can be the case immediately after seeding, secondary nucleation is the dominant
nucleation mechanism and primary nucleation is negligible by comparison. Lewis
et al. (2015) provide secondary nucleation and growth kinetics to predict secon-
dary nucleation rate B and growth rate G which relate to the rate at which solute
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material comes out of solution and forms nuclei or settles on an existing crystal.
The secondary nucleation and growth equations are given as




where kN is the secondary nucleation rate constant, n is rotational speed
in [1/s], MT is crystal mass per unit suspension volume, kg is the growth rate
constant, S is supersaturation and γ is the growth exponent. Growth equations
to date however do not consider or attempt to predict the shape of the particle
size distribution meaning how large particles become and what the total particle
number will be. While the secondary nucleation rate takes rotational speed into
account, the literature does not provide any model for differences in particle
sizes or numbers as a result of impeller type. The variation of PSD as a result
of impeller type is addressed in this work and the impact of impeller choice is
shown conclusively.
3.3 Metastable Zone
The metastable zone refers to an area between the solubility line and the supersa-
turation limit. Both are functions of solution temperature and solute concentra-
tion. The supersaturation limit is a curve beyond which primary homogeneous
nucleation occurs spontaneously. Within the metastable zone existing crystals can
grow but also induce secondary nucleation. Primary nucleation can only occur
in the metastable zone in the presence of a foreign particle meaning it would be
primary heterogeneous nucleation. Controlling solution temperature and solute
concentration accurately means controlling the type of nucleation that occurs in a
system. It should be pointed out that the metastable zone is typically rather wide
and its width depends on the respective solution. Within the metastable zone
primary heterogeneous nucleation and secondary nucleation occur more rapidly
the closer to the supersaturation limit the system is held. Figure 3.1 shows a
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solubility curve and supersaturation limit for a typical API and the area between
the two curves defines the metastable zone width (MSZW).
Figure 3.1: Solubility curve showing the MSZW for a typical Active
Pharmaceutical Ingredient (API) - Mitchell and Frawley (2010)
3.4 Particle Size Distribution (PSD)
Whether a crystallization process is nucleation or growth dominated becomes
clearly visible in the shape of the particle size distribution (PSD). It gives the
mass or alternatively volume of particles at each size range depending on whether
the PSD is number or volume based and presents them as a curve. The highest
peak of the curve shows what size range of particles consumed most of the solute
mass or solute volume. Thus a high peak in the small particle size range relates
to a much higher number of particles than a high peak in the large particle
size range. In pharmaceutical drug production processes, a single high peak
in the large particle size is typically desired as is referred to as a mono-modal
distribution. Frequently however there is also a smaller secondary peak in the
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small particle size range in which case we speak of a bi-modal distribution. The
ultimate desired outcome is of course to achieve a tailor made PSD suitable for
downstream processing without any necessity for additional work. In order to
achieve that, the crystallization process would need to be very tightly controlled
and that would require a detailed understanding of all influences on the process,
both chemically and mechanically. There are commercially available products
that measure PSDs from samples of crystallized product. Malvern’s Mastersizer
3000 uses laser diffraction to measure particles while suspended in a dispersant.
More traditional methods using multiple sieves of varying size ranges are also
used.
3.5 Particle count
During crystallisation processes as nuclei form whether due to primary or secon-
dary nucleation, the number of particles can be monitored with good approxima-
tion by means of Focused Beam Reflectance Measurement (FBRM). The FBRM
probe is inserted into the process stream of the mixing vessel above the impeller
blade level at an angle. Particles flow passed the probe window where they are
scanned by a tightly focused laser beam as the internal optics rotate enabling very
quick scanning. The backscatter of the laser light hits the detector and distinct
pulses are counted. Their duration is multiplied by the scan speed for the calcu-
lation of the cord length of the passing particles. The probe measures thousands
of particles per second which provides a real time cord length distribution and
subsequently detects changes in particle sizes and numbers over time. De Souza
et al. (2016) discovered in seeded batch cooling crystallization experiments of
Paracetamol in IPA that the total number of particle counts had a strong depen-
dency on rotational speed. Running the otherwise identical experiment at three
different rotational speeds it was discovered that the particle counts as detected
by the FBRM probe increased substantially in the first 10-20 minutes following
seeding and that the increase was more extreme the higher the rotational speed,
see figure 3.2. The findings were confirmed by the measurements of particle size
distributions of representative samples in the Mastersizer 3000.
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Growth models refer to the way in which molecules are incorporated into a crystal
lattice. As crystals consists of molecules of a certain compound arranged in a
structured fashion, all molecules added to a growing crystal fit into the already
existing grid. The grid can be imagined as little boxes stacked neatly to form a
large 3-dimensional body that can be expanded in all three directions. If a growing
layer in any direction - known as a face - is complete, a newly settling molecule
would need to settle on an even surface providing only one plane for it to bond.
This is the slowest and most difficult way for a molecule to form a bond with an
existing crystal. Should a row in a growing plane be completed, a newly settling
molecule would have two surfaces to bond to making it quicker, easier and thus
more likely for it to do so. This is known as a step. The easiest and quickest way
for a molecule to grow on a crystal is when it can settle into a partially completed
row known as a kink, for it would find three surfaces to bond to. When molecules
grow onto an even surface, they typically do not do so individually but rather
form clusters on the crystal surface with other molecules at which point a nucleus
of sufficient size forms and settles on the crystal surface. The various crystal faces
can grow at different rates as some faces can incorporate particles into the crystal
lattice more easily than others. This becomes most obvious in the case of needles
as the vast amount of growth occurs in the direction of the length of the needles.
3.7 Impurities
While crystallization is a purification process, impurities can settle in the crystal
lattice. Given that impurities will typically not have the exact same size as the
solute molecules, they do not fit precisely into the lattice structure and can thus
disturb the uniformity and even the crystal habit. They can cause a step to form
on a crystal surface causing that particular crystal face to grow in a spiral shape.
Commercial APIs will always contain some impurities which cannot be entirely
eliminated during the production process. Legislation will determine the amount
of impurities in parts per million (ppm) permitted for each API. The values are
given per specified impurity and should any of the permitted impurities exceed
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the permitted ppm value, the batch is said not to have passed the requested
specifications and cannot be brought to market.
3.8 Downstream processes
Following any crystallization production process, the newly generated crystals
are washed and dried. Because of the variance in particle size, not all crystals
are suited for immediate processing into e.g. tablet format. Crystals that are too
large must be milled in a separate process in order to grind them down to the
required size. Particle fines on the other hand are often too small to be used and
are re-crystallized. This can be done in a separate batch or in the form of Ostwald
ripening whereby fines are dissolved during the same production process and their
molecules grow onto larger crystals contained in the same vessel. The required
final particle size depends on the bioavailability of the active pharmaceutical
ingredient (API) which is a measure of how quickly the human body can absorb
the compound and benefit from the drugs desired effects. Particles of the desired
size, whether milled or taken directly following their initial production are then






In order to compare velocity profiles of different impeller types the non-intrusive
measurement method of 2D Particle Image Velocimetry (PIV) was chosen to
experimentally capture fluid motion. 3D PIV could not be facilitated during
this work as only one high speed camera was available. PIV was chosen over
Computational Fluid Dynamics (CFD) simulations as the modelling capabilities
of CFD are limited in certain areas of stirred vessels, namely in the trailing vortex
sweeping region and in the top region of the vessel where Reynolds numbers
are low (Sheng et al., 1998). PIV is used to measure entire velocity fields by
taking high resolution pictures of tracer particles contained in a fluid. Image pairs
taken with a known time difference are compared by means of cross-correlation in
order to determine particle displacement. Images are divided into interrogation
areas commonly referred to as interrogation windows. A high cross-correlation
peak signifies that many particles match up between image pairs while small
cross-correlation peaks signify that individual particles in one image match up
with particles entering or leaving the interrogation window of the paired image
leading to random correlations or noise (Gómez et al., 2010). Cross-correlation
between the matching interrogation windows in both images of an image pair,
along with the known time difference deliver a vector for that particular window
based on statistical displacements of matching light intensities. Each respective
velocity vector represents an average of the velocities of all particle shifts within
that window. The many interrogation windows together deliver an entire vector
field of the complete investigated plane. A light sheet illuminates the plane to
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be investigated and a high speed camera detects reflections from the contained
tracer particles. A YAG laser is used in this experimental series and delivers a
double pulsed laser sheet for each image pair in order to avoid blurred images.
Further the laser light sheet is sufficiently narrow, 1 mm in width so that there is
no risk of illuminating any additional planes to the one being examined, thereby
eliminating additional light reflections from out of focus particles which would
reduce the quality of the images. The time difference between two image pairs
is carefully selected based on two parameters. Firstly, there must be a sufficient
delay to insure a detectable shift between tracer particles from one image to
the next. The difference however must not be so large that particles leave the
measurement plane. Secondly, there must be sufficient time between image pairs
for the laser to generate individual light pulses. A pulse separation of 1000 µs
was selected to give a pixel shift of between 6 and 8 pixels in the high velocity
zone. The tracer particles provided by Dantec Dynamics are Polyamid Seeding
Particles (PSP) with a mean particle diameter of 20 µm and a density of 1.03
g/cm3 were chosen as used by Amira et al. (2013) to avoid particles interacting
with the flow. This is well below the size range of 50-100 µm suggested by Raffel
et al. (2007) and used by Gómez et al. (2010). They were chosen due to their
suitability for water flow applications, in this case their ability to faithfully follow
the fluid flow. Water was chosen as the fluid in all experiments as just like all
common solvents used in crystallization experiments it is a Newtonian fluid and
has a density and viscosity in the range of the mentioned commonly used solvents.
Table 4.1 gives values of densities and viscosities of commonly used solvents in
crystallization processes. PSP particles are not intended to replicate Paracetamol
particles used in crystallization experiments but rather to determine how the fluid
moves and the stresses it generates. A rotary encoder is attached to the impeller
shaft and delivers a TTL signal which triggers the recordings. Along with the
laser and camera it is linked to a high speed controller which synchronizes the
timing of triggering, illumination and image capture. Figure 4.1 shows a diagram
of the experimental set-up. The diagram shows two planes that are investigated,
the vertical plane on the left and the horizontal plane on the right. The vertical
plane has the shape of the vessel as viewed from the side and can be imagined
as a plane that splits the vessel as well as the impeller shaft through the centre
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Table 4.1: Overview of densities and viscosities of commonly used solvents in












into two identical halves. The horizontal plane is the round cross-section of the
cylindrical vessel at the level of the impeller blades.
4.1 Impellers
Initial PIV experiments were carried out with two impeller types, a 45◦ pitched
blade turbine (4PBT45) and a straight blade turbine (4SBT90) made from stain-
less steel. Both types were used at 2 different diameters, 38 mm and 50 mm.
The 38 mm impellers have a blade width of 5mm while the 50 mm impellers have
a blade width of 6.5 mm. Both impeller types at both diameters have a blade
thickness of 1.3mm and the edges are not rounded. Figure 4.2 shows an image of
the steel impellers used.
A further twelve impellers were then used for the main body of PIV experiments,
four types at three diameters. A 45◦ pitched blade impeller (4PBT45), a 60◦
pitched blade impeller (4PBT60), a straight blade turbine (4SBT90) and a retreat
curved impeller (RCI) each of 45 mm, 65 mm and 90 mm diameter. The RCI
was added to the experimental series because of a request from industry partners
to compare it with commonly used impellers at laboratory scale. All PBTs are
axial impellers and the SBTs and RCIs are radial impellers. The design of the
four main impellers is based on a drawing of a 45 mm, 60◦ pitched blade impeller
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Figure 4.1: Experimental setup - Side view (L) and top view (R)
Figure 4.2: 38mm and 50mm 4PBT45 and 4SBT90 steel impellers
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from Mettler Toledo with a blade width of 16 mm, a blade thickness of 2 mm
and rounded edges with a radius of 2 mm. The other three impeller types had
the same dimensions apart from the blade widths of the radial impellers which
were 15 mm as the height of the impeller nut in the original drawing was also 15
mm. All twelve impellers were designed in SolidWorks before being 3D printed
on a Connex3 Object500 3D printer by Stratasys with an accuracy of 200 microns
and with a tolerance of 0.05 mm. Figure 2.2 shows an RCI as an example of an
impeller designed in SolidWorks, figure 4.3 shows an image of all 45 mm impellers
just after print and figure 4.4 shows an image of all 12 3D printed impellers as
they were used in the experimental series. All impeller were spray painted black
to minimise laser light reflections.
Figure 4.3: 45 mm impellers - just after 3D print
4.2 Calibration
Before recording any images the investigated plane area must be calibrated in
order to equate what the camera picks up to quantifiable distance measurements.
This includes also any distortion due to the curvature of the mixing vessel. To
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Figure 4.4: 3D printed impellers - spray painted black
keep such optical distortion to a minimum, the cylindrical mixing vessel is placed
into a square glass tank which is then filled with water. As the mixing vessel also
contains water the refractive indexes are the same meaning that as the laser light
passes through the set-up, there is no reflection nor is there any refraction of light.
Calibration plates were individually designed in SolidWorks and 3D printed for
all three vessels used. For each vessel two calibration plates had to be made, one
for the vertical plane and one for the horizontal plane. Each calibration plate is
shaped to mimic the plane where measurements are taken; for the vertical plane
the shape of the calibration plate is best described as rectangular with the two
lower edges rounded to fit the rounding of the vessel floor, the calibration plate
for the horizontal plane is circular to occupy the horizontal cross-section of the
vessel. All six calibration plates are 4 mm thick and were 3D printed in white
with 1 mm deep round dots of 2.5 mm in diameter which were then spray pain-
ted black for maximum contrast. The dots are ordered in rows and columns with
constant distances from dot centre to dot centre of 10 mm. The dimensions of the
calibration plate and the size of the markings and their distance to one another
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are stored in the DaVis software as a customized calibration plate. That way any
time the same plate needs to be reused it is already defined in the software and
can be called up at any time.
When a calibration plate is inserted into the relevant vessel and correctly posi-
tioned in the measurement plane to be investigated, the high resolution camera
takes an image of the calibration plate in situ. Using the DaVis software the de-
fined and stored calibration plate is linked to the image and the image detection
software searches the camera image for all dots expected. It is visible in the raw
image on screen that the dots where the curvature of the vessel is most extreme
appear closer together than elsewhere due to the above mentioned distortion cau-
sed by the vessel curvature. As however the dots are defined as having equal size
and distance across the plate, the image is recalculated to ensure that the sizes
and distances are restored as initially defined. The same image calculation is then
applied to every image taken in that experimental series. It should be pointed
out at this stage however that despite the calibration and recalculating, data col-
lected at the vessel wall cannot be considered to be fully reliable. Not only due
to the extreme curvature of the vessel as seen from the camera image but also
because the dots on the calibration plates don’t always reach the vessel wall and
only areas in which dots are present can be correctly defined. Figure 4.5 shows
the SolidWorks design of the calibration plate for the horizontal plane of the 1L
vessel and figure 4.6 shows the 3D printed versions of both calibration plates for
the same vessel.
4.3 Hydrodynamics in Stirred Vessels
For each test the relevant impeller was inserted into a cylindrical round bottomed
glass reactor. Three different size glass vessels were used. The smallest of 100
mm diameter with approximately 1.3 litre capacity was filled with 1 litre of water
which represents a height to width fill ratio of 1.4 and 0.05 g of 20 µm PSP
Polyamide particles were added. The next size reactor of 5 litre capacity was
filled with 3.25 L of water and the largest vessel with a 20 litre capacity was filled
with 8.25 L of water. As the larger vessels were used for scale-up of the 1L system,
the same fill ratio of 1.4 was maintained dictating the given fill volumes for the
45
4. EXPERIMENTAL SET-UP
Figure 4.5: SolidWorks design of 3D printed calibration plate for 1L
vessel
Figure 4.6: 3D printed calibration plates for 1L vessel
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middle and large scale respectively. Increasing the amount of PSP particles by
the same factor as the amount of water was increased during scale up proved to be
unsuitable as it leads to over seeding and visibility becomes very poor. In larger
vessels there is more distance from vessel wall to vessel wall and thus there are
more particles between the camera lens and the area in the vessel that is being
examined making visibility a greater challenge. Seeding for scaled up systems
was 0.1 and 0.2 g respectively.
A CAT R50D manually controlled stirrer motor with 120 Watts attached to
a lab support stand via a clamp for vertical and planer adjustability was used for
clockwise rotation. A 10,000 Hz laser with 10.6 Watts and a wavelength of 532
nm was used to illuminate the relevant plane to be investigated. A VC-Phantom
v1211 high speed camera with 48 gigabyte storage capacity was directed at a 90◦
angle to the illuminated plane. The laser, high speed camera and rotary encoder
were all connected to a high speed controller which in turn was connected to a
computer and controlled by the Davis software package delivered with the system
by LaVision. The risk of optical distortion of the laser light as it hit the round
reactor was eliminated as the reactor itself was placed into a square glass tank
filled with water as alluded to when discussing calibration of the camera image.
Figure 4.7 shows the experimental set-up in the laboratory.
Figure 4.7: Experimental setup in the Laboratory
Initial experiments were carried out using 100 high resolution image pairs as
in the work by Sharp and Adrian (2001) while all following experiments were
conducted using 1000 image pairs, close to the 1024 image pairs used by Bakker
et al. (1996). The focus of the initial experiments is the measuring of veloci-
ties in a mixing vessel and in particular how they are influenced by individual
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changes to the set-up. Various parameters were chosen to be varied individually
and singularly in order to identify their effects in isolation both qualitatively and
quantitatively. The parameters varied are impeller clearance, type, diameter,
rotational speed and the use of baffles. Impeller diameter and clearance experi-
ments as well as initial tests of the influence of baffles are not phase locked while
experiments comparing rotational speeds are phase angled at 0◦, 30◦, 45◦ and 60◦.
The baffles inserted into the vessel were specifically designed for the 1L vessel in
SolidWorks in the form of a four baffle system. The four baffle struts are each 1
10
of the vessel diameter in width, 3 mm in thickness and connected by a top ring
that insures insertion to the correct depth. The unit was 3D printed in one piece
and spray painted black to avoid laser light reflections. All combinations of the
aforementioned parameters were investigated in order to identify the effects on
fluid velocities due to just a single change in an otherwise identical set-up. Figure
4.8 shows an image of the 3D printed 4 baffle assembly.
The main body of experiments was designed to confirm initial phase angle
specific experiments using a new set of more suitable impellers for crystallization
set-ups but also in order to expand the research to further phase angles both
with and without baffles and in particular into the pursuit of shear values. When
calculating shear stresses in turbulent flow a much higher sample size is required
due to the fluctuating velocity component. Phase resolved images were taken in
steps of 15◦ at the following angles; 0◦, 15◦ 30◦, 45◦, 60◦ and 75◦. All images
throughout all experimental series were recorded with a resolution of 1280 x
800 pixels. The scale up experimental series with scaled up impellers were run
at a phase angle of 0◦ from both the vertical and horizontal laser illuminated
planes. Radial, axial and tangential velocities were captured once again and
used to determine shear stresses. Radial profiles of turbulent shear stresses for
all four impellers investigated are presented. Crystallization experiments are
typically run at rotational speeds of between 200 and 400 rpm (Akrap et al.,
2012) although rotational speeds of up to 600 rpm are encountered as well (Yu
et al., 2005). Rotational speeds of 300 rpm are most common in crystallization
experiments (Doki et al. (2004), Ottens et al. (2004), Verdurand et al. (2005)).
All experiments are run at 200, 300 and 375 rpm as those were the rotational
speeds used by De Souza et al. (2016). Figure 4.1 shows a diagram of the set-up
48
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Figure 4.8: 3D printed 4 baffle assembly
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Table 4.2: Overview of impeller tip speeds, Reynolds numbers and Stokes numbers
for steel impellers.
Tip speed [m/s] Reynolds No. [ ] Stokes No. [ ]
38mm 50mm 38mm 50mm 38mm 50mm
200 rpm 0.40 0.53 4839 8602 0.000731 0.000676
300 rpm 0.60 0.80 7258 12903 0.001096 0.001015
375 rpm 0.74 1.00 9073 16129 0.00137 0.001268
for both measurement planes. Figure 4.9 shows an image of the laboratory set-up
while recording images from the horizontal laser plane.
Table 4.2 gives an overview of impeller tip speeds, Reynolds numbers and
Stokes numbers for the steel impellers used at all three rotational speeds and for
both impeller diameters. Table 4.3 provides data for all experimental runs with
3D printed impellers at all three scales. From the Reynolds numbers it can be
stated that most set-ups are fully turbulent as the Reynolds numbers calculated
from Equation 2.1 are above 10 000. According to Calabrese et al. (2014) however
pitched blade impellers, straight blade impellers and retreat curve impellers are
already fully turbulent at the calculated Reynolds numbers of between 4839 and
9073 which is not the case for all impeller types i.e. Rushton turbines. Were the
systems however not fully turbulent but in the transitional region the systems
would still be fully turbulent in the impeller zone even if laminar flow were present
far away from it in particular at the fluid surface, as discussed in chapter 2.
As the Stokes number given in equation 2.5 is much smaller than one for
all experiments it can be stated that the particles in the fluid follow the fluid
flow and do not deviate from it due to inertia. This is especially true as the
densities of water and PSP are very close; 1 g/cm3 and 1.03 g/cm3 respectively.
It can be seen that when agitation is stopped PSP particles require a long time
to settle. All Camera and laser settings were made using the Davis software
package. Before each recording an intensity calibration was performed followed
by the generation of a background image for which the camera takes 10 images to
identify any particle-like objects that are stationary meaning that they cannot be
particles in the reactor and are later subtracted from each image recorded during
50
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Figure 4.9: Experimental setup for horizontal plane recordings
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Table 4.3: Overview of rotational speeds, impeller tip speeds, Reynolds Numbers






Tip speed Reynolds No. Stokes No.
[L] [m] [RPM] [m/s] [ ] [ ]
1 0.045
200 0.47 6750 0.0002
300 0.71 10125 0.0004
375 0.88 12656 0.0004
3.25 0.065
160 0.55 11267 0.0002
240 0.82 16900 0.0003
300 1.02 21125 0.0004
8.25 0.09
127 0.60 17145 0.0002
191 0.90 25785 0.0002
239 1.13 32265 0.0003
the test run. The number of pixels per mm varied between set-ups and was always
between 4.5 and 7 pixels per mm. Cross-correlation of interrogation windows was
done at two sizes to ensure best accuracy. The first pass was processed with
window sizes of 32 x 32 pixels and the second pass was processed with 24 x
24 pixels, each with 50% overlap. The choice of interrogation window size and
overlap was based on experimentation with various window sizes, the uncertainty
quantification work of Wieneke (2015) and the work of other authors such as
Sharp and Adrian (2001). The previously mentioned pixel shift of 6-8 pixels in
high velocity zones equates to 1
4
of the window length/width. Each interrogation
window produces a vector however any vector with a standard deviation greater
than 1.3 times the average was removed and empty spaces are filled by means of
interpolation. Comparing interrogation windows only accounts for linear shifts
resulting in vectors of the first order. Displacement gradients cannot be captured
by this method, however the window sizes are sufficiently small such that second
order effects can be neglected.
Figure 4.10 shows a single images as captured by the high speed camera from
the vertical laser plane. The image is one half of an image pair and shows the
laser light reflections off the seed particles and also the seed density. In the image
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ratios
the laser light enters from the right creating a shadow of the impeller to the left.
The well illuminated right side of the image is the area the data for radial profiles
is extracted from.
Figure 4.10: Camera image of vertical plane from side of vessel - 45mm
4PBT45, no baffles
4.4 Comparison of varying impeller clearances
and impeller diameter ratios
Before the main body of experiments on crystallization specific impellers was con-
ducted, and experimental series was run to determine at which impeller clearance
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the velocity distribution throughout the 1L vessel is most even. An impeller cle-
arance of 1
3





. It was chosen to compare what is reported as the optimum with a
clearance that is greater and one that is lower. For all three clearances investiga-
ted, two impeller types are used and all are run at a rotational speed of 200 rpm.
The impellers inserted into the 1L round bottomed glass vessel were a 4 blade 45◦
pitched blade turbine (4PBT45) and a 4 blade straight blade turbine (4SBT90),
both made of stainless steel and attached to a stainless steel shaft with a diameter
of 10mm. In pre-tests, the reflections off the untreated stainless steel assembly
caused severe overexposure of light known as flare leaving no contrast to visually
separate particles from their surroundings. The same experimental series was also
used to compare impeller to vessel diameter ratios. The selected ratios for the
100mm diameter vessel are 0.38 and 0.5 and are investigated at all three impeller
clearances. Between impeller type and diameter, a total of four impellers were
used. Further, each experiment was run both with and without the presents of
baffles. In this experimental series the image pairs are not phase locked so that
results represent an average of the entire vessel. The same impellers were then
used to determine fluid velocities by phase angle.
4.5 Determination of phase angle with highest
velocities
Phase resolved data on fluid velocities is of great interest as only then the periodic
component of velocity can be measured separately (Baldi and Yianneskis, 2004).
Experiments were carried out initially on stainless steal impellers and then on
the 3D printed impellers to determine at which phase angle the highest particle
velocities are measured meaning at which phase angle the highest fluid velocities
are achieved. The investigated phase angles were 0◦, 15◦, 30◦, 45◦, 60◦ and 75◦.
Phase angle relates to the angle between impeller blade and laser illuminated
plane in which measurements are taken meaning the degree to which the impeller
blade, more precisely the centre of the impeller tip has moved on from the mea-
surement plane. For each phase angle investigated initially 100, then 1000 image
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pairs were captured and the same number of instantaneous velocity vector fields
were generated and averaged to determine average velocities per blade position.
4.6 Influence of impeller type on PSD of cooling
crystallization
A batch cooling crystallization of Paracetamol in 2-propanol was run with each
of the four impeller types studied under otherwise identical conditions. The ex-
perimental series was designed to determine how the variance in shear stresses
generated by each impeller would influence secondary nucleation during the cool-
ing crystallization process. To ensure a growth driven crystallization rather than
a nucleation driven one, the supersaturation was kept low throughout the expe-
riments, remaining well within the metastable zone thus completely preventing
primary nucleation. This refers not only to the initial supersaturation level but
also to the supersaturation level throughout the cooling crystallization process as
achieved with a slow cooling rate.
A 1L solution of Paracetamol in 2-propanol was prepared with a supersatu-
ration of 1.2 at 40◦C. The solution was pored into the Mettler-Toledo Optimax
1L vessel in which the relevant impeller was attached to a 10mm steel shaft at
a clearance of 1
3
of the vessel diameter of 100mm. The solution was agitated
at a rotational speed of 300 rpm throughout all crystallization experiments. A
temperature probe and an FBRM probe were both inserted into the Optimax
vessel in a fast flow and high shear area of the vessel just above the level of the
impeller. The solution was heated to 55◦C to ensure full dissolution of Parace-
tamol before the solution temperature was reduced to 40◦C for the beginning of
the crystallization process. Before process initiation, it was confirmed by FBRM
data that no particles were present in the vessel.
The Optimax was programmed for each experimental run to cool to 5◦C at
a cooling rate of 0.2◦C/min which equates to a cooling time of 2:55 hours. 6.8g
of Paracetamol seed in the size range of 400-500 µm were added at a seeding
temperature of 40◦C as the cooling program was initiated. After completion of
the cooling step, the particles were left in the agitated vessel for 3 hours to ensure
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completion of the growth process. The Paracetamol particles were then filtered
using a vacuum pump and 0.2µm filter paper and dried in an oven at 50◦C.
4.7 Effect of Baffles
Comparisons were sought between systems with and without baffles under ot-
herwise identical conditions. The aim was to find any resulting changes in flow
patterns, velocity profile shapes, shear profiles, velocity and shear values. In-
dividual experiments with a defined set-up with a given impeller type, impeller
diameter, impeller clearance, fill volume and rotational speed were conducted ini-
tially without baffles after which the four baffle assembly was dropped into the
vessel and aligned with one of the baffles positioned just before the laser sheet
relevant to clockwise rotation. Some minutes after baffles insertion when steady
state conditions were achieved a further 1000 image pairs of data were recorded.
The comparison between systems with and without baffles was made in the 1L
stirred vessel for all four impeller types investigated and at the three rotational
speeds of 200, 300 and 375 rpm, measured from both vertical and horizontal
measurement planes.
4.8 Scale-up
All experiments with 3D printed impellers at 1L scale without baffles were re-run
at phase angle 0◦ at two larger scales. The vessels chosen for both scale-up expe-
riments were round bottomed cylindrical glass vessels with a capacity of 5L and
20L and diameters of 145 mm and 200 mm respectively. In order to maintain
fill height to vessel diameter ratio during scale-up, the liquid volumes in the two
scale-up steps were limited to 3.25L and 8.25L. All other ratios were also kept
constant; impeller clearance remained at 1
3
of the vessel diameter, impeller dia-
meter ratios were kept at 0.45 while impeller blade width and thickness were not
altered. Rotational speeds were adjusted according to constant power to volume
ratios, maintaining constant energy density across scales. Kaiser et al. (2018)
determined experimentally with the use of a torque meter that varied impeller
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diameters have no significant effect on power number meaning that the same im-
peller power number can be assumed for the same impeller type at varying scale.
Figure 4.11 shows experimental results confirming the insignificant differences
between experimentally obtained power numbers at varying impeller diameters.
Scale-up experiments are valuable to determine how fluid stresses and flow pat-
terns might change when a pharmaceutical drug production process moves from
a small experimental lab scale to a large production plant scale.
Figure 4.11: Determined power numbers as a function of the Reynolds
number for impellers at different diameters - Kaiser et al. (2018)




Table 4.4: Test matrix of all PIV experiments conducted.
Vessel volume 1L 3.25L 8.25L
Impeller type 4PBT45, 4SBT90 4PBT45, 4PBT60, RCI , 4SBT90
Blade diameter 38mm 50mm 45mm 65mm 90mm








Phase angles not phase locked 0◦15◦30◦45◦60◦75◦ 0◦ 0◦
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Experiments on 38mm steel impellers show that flow velocity distribution varies
with impeller clearance. Vector plots for the 4PBT45 shown in figure 5.1 present
high velocities in the impeller region in all cases however regions of low velocity
can be seen away from the respective impeller zones. This is particularly the




where velocities are low. At 1
2
clearance the entire area below the high velocity zone which extends away from
the impeller at a 45◦ angle is a low velocity zone. At the low clearance of 1
5
no
large zones of low velocity are detected and thus it must be concluded that the low
clearance provides the most uniform distribution of flow velocity for a 4PBT45.
Vector plots showing the velocity distribution for each investigated clearance for
the 4SBT90 are given in figure 5.2 Each vector plot in this chapter shows the
vector length for the relevant tip speed in the top left corner of the relative figure
for reference. At low clearance 1
5
there is a high velocity zone beneath the impeller
with relatively low velocities above it. At high clearance 1
2
the opposite is the
case with a high velocity zone above the impeller and comparatively low velocities
below it. At the middle clearance 1
3
the difference between velocities above and
below the impeller is smallest meaning the velocity distribution is most even.
Thus it must be concluded that for the 4SBT90 the middle clearance provides
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the most uniform distribution of flow velocity. The vector plots show one side
of the cross section of the stirred vessel and the indent on the left of each vector
plot represents the height of the impeller blade.
Figure 5.1: Vector plot from 38mm steel 4PBT45 at all three clearances
and 200 rpm - vector equating to tip speed given in top left corner for reference
5.2 Impeller type
The vector plots in figure 5.1 show high velocity zones at the impeller tip and at
approximately a 45◦ angle down from the 4PBT45 blade tip. Particularly at the
high clearance setting it is visible that the fluid flow directed at an angle down
from the impeller is then directed up the vessel wall in accordance with the typical
axial impeller flow pattern as described in chapter 2. Velocities are particularly
high in the impeller zone. At low clearance the high velocity zone extends above
and below the impeller level while at the middle clearance setting it extends pre-
dominantly above the impeller level. The high velocity zone around the impeller
at high clearance is much diminished compared to the other two clearance set-
tings and also has a large low velocity zone below the impeller level. The low and
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Figure 5.2: Vector plot from 38mm steel 4SBT90 at all three clearances
and 200 rpm - vector equating to tip speed given in top left corner for reference
middle clearance settings appear comparatively similar. The velocity distribution
generated by the 4SBT90 is much different than that of the 4PBT45 as the high
velocity zones are mainly above and below the impeller depending on clearance
while velocities from the impeller out towards the vessel wall are much lower.
While velocities are low in that region of the vessel they are very consistent in
value. Impeller types in addition to generating different global flow loops also
dictate the location of highest velocity and highest turbulence. While always in
the impeller zone, the relative position to the impeller can change significantly.
Fig 5.3 compares radial profiles of radial velocity components as generated by
38mm steel impellers 4PBT45 and 4SBT90. Radial profiles are a series of points
along a horizontal line from the centre of the vessel where the impeller shaft is
located, to the vessel wall. Each point represents a velocity vector relating to
an interrogation window as described in chapter 4. The radial profiles in this
experimental series are measured from immediately beneath the impeller shaft
horizontally out to the vessel wall. Results confirm higher maximum radial velo-
cities for the 4SBT90 and also show that while maximum velocities are reached in
the impeller zone with both impeller types, the exact location of maximum velo-
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cities is not identical in both cases. The 4SBT90 produces maximum velocities in
a radial direction away from the impeller blade tip while the 4PBT45 generates
its maximum velocities just below the impeller blade tip. The latter result could
only be confirmed by measuring radial velocities along a line just below the im-
peller blades, had measurements only been considered from the blade tip away
from the impeller, those maximum values would not have been detected.
Figure 5.3: Radial profiles of radial velocities from 38mm steel 4PBT45
and 4SBT90 - 200 rpm
5.3 Impeller diameter
While the literature suggests an impeller to vessel diameter ratio in the region of
1
3
, ratios of up to 1
2
are also encountered at laboratory scale. Regardless of impeller
types the increase in impeller diameter provides an increase in fluid velocity due
to higher tip speeds with larger high velocity zones and with greater velocity
maxima. Figure 5.4 shows vector plots of average velocity magnitude as generated
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by a 50mm 4PBT45 steel impeller and a 50mm 4SBT90 steel impeller. The
velocity values are significantly higher with the larger impellers under otherwise
identical settings including rotational speed and impeller clearance. At the high
impeller diameter ratio of 1
2
typical flow patterns are not visible from vector plots
and the velocity distribution throughout the vessel is more consistent, particularly
in the case of the 4SBT90. Table 5.1 gives values of Ūr
Utip
at 200 rpm for varying
impeller types and diameters both with and without baffles. Figures 5.5 and
5.6 show comparisons of radial profiles of radial velocities at varying impeller
diameters for 4PBT45 and 4SBT90 respectively. The location in the vessel that
profile data is extracted from is shown in figure 5.4 for both 50mm impellers and
the profile runs just below the impeller blades. For both impeller types it can be
stated that the higher velocity peaks shift towards the vessel wall as the tips of
the respective larger impellers extend closer to the vessel wall. For clarification
it must be noted that for comparison purposes radial velocities are divided by
tip speed meaning that while maximum velocities of larger impellers are greater,
the values of Ūr
Utip
may be lower. In the case of the 4PBT45 there is a reduction
of maximum Ūr
Utip
value with increased impeller diameter however after the initial
drop off in Ūr
Utip
value away from the impeller zone the Ūr
Utip
values remain higher
across the radial profile. Thus the difference between lowest and highest values
across the profile is reduced. In the case of the 4SBT90 the radial profiles of
radial velocities are very consistent apart from the aforementioned shift towards
the vessel wall. The maximum values of Ūr
Utip
are the same at both diameters and
the velocity drop off across the remaining profile remains very similar. The slope
of the velocity gradient is steeper for the 50mm impeller as there is less distance
to the vessel wall where values are very similar with both diameters.
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38mm 0.0527 0.0323 0.0425 0.0296
50mm 0.0384 0.0229 0.0424 0.0248
Difference 0.0143 0.0094 0.0001 0.0048
Figure 5.4: Velocity vector plot from 50mm steel 4PBT45 and 50mm
steel 4SBT90; clearance D3 , 200 rpm - vector equating to tip speed given in
top left corner for reference
64
5.3 Impeller diameter
Figure 5.5: Radial profiles of radial velocities from 38mm and 50mm
steel 4PBT45 - 200 rpm
Figure 5.6: Radial profiles of radial velocities from 38mm and 50mm
steel 4SBT90 - 200 rpm
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5.4 Influence of Baffles
The presence of baffles in stirred vessels increases localised velocities due to im-
peller and baffle proximity and the flow around the static baffle. When a fluid
passes around a static obstacle which reduces the fluid flow’s cross sectional area,
the fluid must speed up as it passes through the narrowed area. If this were not
the case there would be an ever growing build-up of fluid in front of each baffle.
Any type of build up would only be possible if the fluid were compressible and
even then there would be a limit to the compressibility and consequently to the
fluid build-up. Ultimately at the same rate that fluid arrives at a baffle it must
also pass it. This is referred to as the conservation of mass. As the space is
reduced due to an obstacle the velocity must be increased to maintain the same
flow rate. This is confirmed by the continuity equation
Q = A1u1 = A2u2 (5.1)
where Q is the volumetric flow rate, A is the cross sectional area of the flow and
u is the mean flow velocity. This means that fluid velocities are inversely propor-
tional to the respective cross section areas. Figure 5.7 compares flow patterns in
1L stirred vessels both with and without baffles. Velocity vectors are displayed
for a 38mm 4PBT45 at 200 rpm and a clearance of D
3
. The presence of baffles
cause velocities at and in the wake of the impeller tip to be much increased. An
increase in velocity in the baffle region is also clearly visible while the same area of
the vessel reaches particularly low velocities when baffles are not present. Figure
5.8 shows the effect of baffles on a system with a 50mm 4PBT45 at 200 rpm.
Again highly increased velocities are generated at the impeller tip and around
the baffles. In the set-up with the larger impeller the increase in velocities due
to the presence of baffles is significantly greater. The effect of baffles on SBTs is
somewhat different. Figure 5.9 compares systems with a 38mm 4SBT90 at 200
rpm both with and without baffles installed. Velocities are increased between the
impeller zone and the vessel wall due to the presence of baffles and in the area of
the baffle edge which is particular visible above the impeller level. This effect is
even more obvious when the larger 50mm 4SBT90 is installed. However in that
case the area below the impeller level appears to be largely uninfluenced by the
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presence of baffles as can be seen in figure 5.10. The increase in velocity between
the impeller area and the baffle edge is more pronounced when using the 50mm
4SBT90. This is due to its closer proximity to the baffles.
Figure 5.7: Vector plot from 38mm 4PBT45 at 200rpm and D3 - vector
equating to tip speed given in top left corner for reference
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Figure 5.8: Vector plot from 50mm 4PBT45 at 200rpm and D3 - vector
equating to tip speed given in top left corner for reference
Figure 5.9: Vector plot from 38mm 4SBT90 at 200rpm and D3 - vector
equating to tip speed given in top left corner for reference
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Figure 5.10: Vector plot from 50mm 4SBT90 at 200rpm and D3 - vector
equating to tip speed given in top left corner for reference
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5.5 Phase Angle
Four phase angles were investigated initially; 0◦, 30◦, 45◦ and 60◦. A rotary
encoder was utilised to deliver a trigger signal at the relevant phase angle which
in turn triggered the image capture. Results show a clear increase in maximum
radial, axial and tangential velocities at 0◦ phase angle compared to all other
phase angles investigated. At phase angle 0◦ when the impeller blade delivers its
push into the plane in which velocities are measured, significantly faster particle
motion is detected. Plots of velocities across the radial profile from the centre of
the vessel horizontally out to the vessel wall at a height just below the impeller
blade show this to be the case for all four steel impellers investigated. Further it
can be seen that the velocity gradients at 0◦ phase angle are also steeper. This
is simply because the faster the particles move, the more they can slow down
meaning the more energy they can loose due to the resistance of the surrounding
fluid. Figure 5.11 shows the radial profile of the radial velocity component for a
38mm 4PBT45 at 300 rpm and displays significantly higher velocity values at the
0◦ phase angle compared to all other phase angles investigated. At 30◦ phase angle
the maximum velocity achieved is noticeably lower while those reached at both the
45◦ and 60◦ phase angle are much lower again. All maximum velocities regardless
of phase angle are reached at the impeller tip. With distance from the impeller tip
the radial velocities reduce and at all phase angles investigated they become very
similar in value only a short distance from the blade tip. Velocity fluctuations are
visible close to the impeller shaft and beyond the radial position r
R
=0.5. This is
due to the low number of 100 image pairs used in this experimental series. Much
higher image pair numbers of 1000 are used in all subsequent experimental series.
The radial profiles of the axial velocity component show a distinct increase in
axial velocity at 0◦ phase angle compared to all other phase angles for all four
impellers investigated. Results for this finding are shown in figures 5.12 and 5.13
for the 4PBT45 and 4SBT90 respectively for a rotational speed of 300 rpm as
radial profiles of axial velocity which are the axial velocity components along the
same radial profile as described above. In the case of the 4PBT45, the highest
velocity peak is located at a radial position just before the impeller tip whereas for
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Figure 5.11: Radial profile of radial velocity component; 38mm PBT,
300rpm - measured from vertical plane
the 4SBT90 impeller the highest velocity peak is located just after the impeller
tip as previously seen with radial velocities. This difference is due to the fact
that the downward push from the axial impellers happens along nearly the entire
length of the impeller blade. Peak values of axial velocity are also generally higher
when axial impellers are used.
5.6 Influence of rotational speed
An increase in rotational speed means a higher energy input into the system
leading to higher velocities. In order to compare velocity profiles at varying rota-
tional speeds the average velocity values per location are divided by the impeller
tip speed. The higher or lower net average velocities as a result of higher or lower
rotational speeds are thus divided by higher or lower impeller tip speeds making
a comparison between the effects of varying rotational speeds more meaningful.
All experiments were run at a three rotational speeds, 200, 300 and 375 rpm.
The full range of rotational speeds, tip speeds and Reynolds numbers for both
impeller sizes are given in table 4.2.
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Figure 5.12: Radial profile of axial velocity component; 38mm PBT,
300rpm - measured from vertical plane
Figure 5.13: Radial profile of axial velocity component; 38mm SBT,
300rpm - measured from vertical plane
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In the case of radial velocities, values of Ūr
Utip
at one rotational speed are compared
with values of Ūr
Utip
at another rotational speed. Figure 5.14 compares values of
Ūr
Utip
at three rotational speeds, 200, 300 and 375 rpm at phase angle 0◦. It can
be seen that the general profile shapes at all three rotational speeds are very
similar across the radial profile. The values of Ūr
Utip
are very similar, particularly
between 300 and 375 rpm. The Ūr
Utip
values at 200 rpm are slightly higher below
the impeller blade while displaying very similar values across the rest of the radial
profile. Between the impeller tip and the vessel wall Ūr
Utip
values at 300 rpm are
lower than at both other rotational speeds investigated.
Figure 5.14: ŪrUtip from 38mm 4PBT45 at 0
◦ phase angle - at varying rota-
tional speeds
The similarity in profile shapes and values of Ūr
Utip
across rotational speeds is
also visible for the 38mm 4SBT90 as is presented in figures 5.15. The higher the
rotational speed the lower the maximum values of Ūr
Utip
. Again peak values are
shifted away from the impeller tip as previously reported and values of Ūr
Utip
from
all three rotational speeds approximate each other with proximity to the vessel
wall.
Plots of radial profiles of axial velocities are shown in figures 5.16 and 5.17.
Negative values of Ūa
Utip
refer to downward velocities and positive values of Ūa
Utip
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Figure 5.15: ŪrUtip from 38mm 4SBT90 at 0
◦ phase angle - at varying rota-
tional speeds
refer to upward velocities. Results from the 38mm 4PBT45 show that from the
impeller shaft to the blade tip zone, values of Ūa
Utip
are very similar at all three
rotational speeds. Maximum values of Ūa
Utip
at the impeller tip are similarly great
at 200 and 300 rpm and are significantly lower at 375 rpm. Consequently the
velocity gradients are also greater 200 and 300 rpm and values of Ūa
Utip
of all three
rotational speeds become very similar away from the impeller zone. The 38mm
4SBT90 delivers very different result for axial velocities. While axial velocities
in the impeller tip zone are downwards, axial velocities under the impeller blade
away from the impeller tip zone are upwards and of notable value. This could
be due to vortex formation around the impeller blade. Away from the impeller
the axial velocities generated at all three rotational speeds investigated reduce to
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Figure 5.16: ŪaUtip from 38mm 4PBT45 at 0
◦ phase angle - at varying rota-
tional speeds
Figure 5.17: ŪaUtip from 38mm 4SBT90 at 0
◦ phase angle - at varying rota-
tional speeds
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5.7 Vertical and Horizontal Plane
The same phase angle experiments were re-run with the high resolution camera
positioned below the mixing vessel to record the radial velocities from a horizontal
plane and compare them to those captured in the vertical plane. All settings were
kept the same such as impellers, impeller clearance, investigated position in the
vessel, rotational speed, laser light intensity and camera exposure times. Figure
5.18 shows an example of the comparison between radial profiles of the radial
velocity component for 38mm 4PBT45 impeller at 300 rpm at 0◦ phase angle as
determined from both the vertical and horizontal measurement planes. The radial
profiles of the radial velocity component show good agreement both in terms of
shape and values. The largest difference in measured velocity value between the
two measurement planes is 0.034 m/s.
Figure 5.18: Radial profiles from 38mm 4PBT45 at 300rpm and 0◦ phase
angle - measured from both vertical and horizontal planes
With radial velocities matched between the two measurement planes, results
from either plane can be considered to have a sufficient degree of accuracy. Con-
sequently tangential velocities can be extracted from the horizontal measurement
plane. Similar to the comparison of velocity profiles of the radial and axial velo-
city components at all four phase angles as discussed above, results for radial
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profiles of tangential velocities are also presented. Of the four phase angles inves-
tigated, the 0◦ phase angle produces the highest velocities and highest velocity
gradients. This is shown for both impeller types, for the 4PBT45 in figure 5.19
and for the 4SBT90 in figure 5.20. The 4PBT45 produces small differences in
maximum tangential velocities between phase angles with the 0◦ producing the
highest followed by the 30◦, the 45◦ and finally the 60◦ phase angle. The tan-
gential velocity reduces with distance from the impeller blade tip. The 4SBT90
produces virtually the same tangential velocity at all phase angles except the 0◦
phase angle at which there is a large increase in tangential velocity. Rather than
a gradual decline in tangential velocity with distance from the impeller tip, the
4SBT90 produces a sudden velocity drop-off following passage. Both the sudden
velocity increase and drop-off are a consequence of the greater resistance caused
by the blade angle. The steeper blade angle of the 4SBT90 leads to a maximum
area leading through the fluid, also producing the biggest possible low pressure
zone behind the blade which reduces the velocity in the wake of the blade. Thus
as soon as the impeller blade passes, tangential velocity is immediately reduced.
Figure 5.19: Radial profile of tangential velocity component from 38mm
4PBT45 at 300rpm - measured from horizontal plane
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Figure 5.20: Radial profile of tangential velocity component from 38mm
4SBT90 at 300rpm - measured from horizontal plane
The radial profiles of tangential velocity across the three rotational speeds
investigated are noticeably more uniform than those of both radial and axial
velocities. Only at 0◦ phase angle when either of the smaller 38mm impellers are
used is there a visual difference between Ūt
Utip
in the impeller tip zone. Even in
that case, the profiles of Ūt
Utip
for each rotational speed away from the impeller are
close to identical. Figures 5.21 and 5.22 show average tangential velocities over
Utip for both impeller types at phase angle 0
◦.
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Figure 5.21: ŪtUtip from 38mm 4PBT45 at 0
◦ phase angle - at varying rota-
tional speeds
Figure 5.22: ŪtUtip from 38mm 4SBT90 at 0
◦ phase angle - at varying rota-
tional speeds
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5.8 Tailored impellers for Pharmaceutical appli-
cation
All subsequent stirred vessel experiments were conducted using 3D printed impel-
lers as designed in SolidWorks. Four impeller geometries were used at a clearance
of 1
3
of the tank diameter. The impeller diameter of 45mm represented an impel-
ler to tank diameter ratio of 0.45. Experiments with all four impellers were run
at each rotational speed of 200, 300 and 375 rpm and every experiment was run
both with and without the use of baffles. The series was recorded both from the
vertical and the horizontal plane and at 6 phase angles in steps of 15◦ starting
at 0◦. This brings the total number of experiments in the series to 288. Each
experiment consists of 1000 image pairs. The number of vectors generated in
this test series is 156 and 188 for the vertical and horizontal measurement planes
respectively. In order to make plots of velocity profiles more legible, only every
fifth data point is plotted in all subsequent plots.
5.9 Radial Velocities in 1L vessel
Velocity profiles show velocities from the impeller tip to the vessel wall. Radial
profiles of the radial velocity component from a range of heights of the impeller tip
are presented as measured from the top of the impeller down. The locations are
2.5mm, 5mm, 7.5mm which represents the centre of the impeller blade, 10mm and
12.5mm. Results from the 4PBT45 show that initial radial velocities are higher at
locations lower down the blade until the radial position r/R = 0.65 beyond which
radial velocities are very similar at all blade heights until the vessel wall, see figure
5.23(a). Radial profiles at the same locations produced by the 4SBT90 shown in
figure 5.23(b) generate very similar profile shapes in the three middle locations
with values increasing slightly from higher to lower location of the impeller tip.
The profile shapes at both the high and low position are different. At the location
of the highest radial profile, radial velocities are lowest and the velocity variance
across the profile is smallest. The lowest radial profile shows a velocity that is
the average of the other four in initial values before increasing to a peak at r/R
= 0.58 and then decreasing towards the vessel wall. It is only at the vessel wall
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(a) (b)
Figure 5.23: UrUtip at varying heights of the impeller blade at 0
◦ phase angle, 300
rpm; 4PBT45 (a), 4SBT90 (b)
that velocities from all five radial profiles reach a similar value. All following
radial profiles for all three velocity components in this experimental series are
measured from the centre of the impeller tip horizontally to the vessel wall unless
specifically stated otherwise. This is particularly important for pitched blade
impellers as only the centre of the impeller blade tip is located at the respective
phase angle. At 0◦ only the centre of a pitched blade in in the measurement plane
while the top of the blade has advanced beyond it and the bottom of the blade
has not yet reached the measurement plane.
As previously seen with the steel impellers, the radial velocities differ between
phase angles at the impeller tip and slightly beyond. From that point until the
vessel wall no clear distinction can be made between velocities generated at the
individual phase angles. With the number of image pairs increased by an order
of magnitude, velocity fluctuations across the radial profile are no longer present
and the profiles are very smooth. In the case of the 45mm 4PBT45 in the 1L
stirred vessel the variances in radial velocities extend to approximately r/R of
0.55 beyond the impeller tip at all rotational speeds and shown here at 300 rpm,
see figure 5.24(a). The profiles do not match very well with those of the 38mm
4PBT45 shown in figure 5.11, this is due to the difference in location of the
profile the data sets are from. Given that the 4PBT45 is an axial impeller there
are greater velocities below the impeller blade level where the 38mm 4PBT45
data is taken from compared to a profile at the centre of the impeller tip where
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(a) (b)
Figure 5.24: Radial profile of radial velocity component, 300 rpm; 4PBT45 (a),
4SBT90 (b)
the data for the 45mm 4PBT45 was taken from. For the 45mm 4BPT60 the
variances extend a little further to approximately r/R of 0.6. The results confirm
the observations made on the steel impellers that the 0◦ phase angle delivers the
highest radial velocities. Differences between radial profiles at the different phase
angles for the RCI are only until r/R of 0.55 to 0.6 depending on rotational speed.
The higher the rotational speed, the closer to the impeller tip the velocities at all
6 phase angles converge. The 45mm 4SBT90 delivers a longer lasting difference
in radial velocities across the radial profile with uniformity of velocities of all
phase angles only reached to approximately r/R of 0.6 to 0.65 as shown in figure
5.24(b).
All four impellers display different radial profiles. Examining the radial velo-
city component of the radial profiles, it can be seen that there is a distinct diffe-
rence between radial impellers and axial impellers. Both axial impellers have very
similar radial profiles in terms of general shape, however radial velocity gradients
in the impeller tip zone are marginally higher using a 4PBT60 versus a 4PBT45.
In the case of the 4PBT45, see figures 5.24(a) flow reversal is detected close to the
vessel wall meaning there is fluid motion towards the centre of the vessel. This
is due to the fact that the push off the impeller blades is directed at a 45◦ angle
down from the impeller rather than radially towards the vessel wall. Considering
the general flow loop of axial impellers as described in chapter 2, high radial velo-
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cities cannot be expected in either direction away from the impeller tip or the
vessel wall. The axial impeller flow loop circulates around the described radial
profile with high downward velocity at the impeller tip and upward velocity at
the vessel wall. The flow from the vessel wall back to the centre of the vessel
occurs at all heights above the impeller and the flow to the vessel wall at all heig-
hts below the impeller. The flow direction at the impeller level while always very
slow with axial impellers depends on the angle of the impeller blades. The radial
velocity values for the 4PBT60 at 300 rpm close to the impeller tip are higher
compared to the 4PBT45 at 300 rpm as the 60◦ blade angle produces a higher
radial projection than the 45◦ blade angle of the 4PBT45. While axial impellers
force the fluid in the axial direction, in this case down towards the vessel floor,
they also have a radial component due to centrifugal forces brought about by the
rotation of the blades. The steeper the blade angle with 90◦ being the maximum,
the more energy input into the radial direction. This also explains why radial
impellers generate much higher radial velocities than axial impellers which can
be seen conclusively in all radial profile plots. The RCI generates the second hig-
hest radial velocities with significantly higher velocity gradients than both axial
impellers. A continuous, nearly linear drop in radial velocity can be seen at all
rotational speeds once the velocities of all phase angles has converged apart from
close to the vessel wall where precision of measurement cannot be assumed due
to the extreme curvature of the glass vessel. The 4SBT90 generates the highest
velocities at all rotational speeds investigated while also showing the steepest
velocity gradients as particles slow down with distance from the impeller blade,
see figure 5.24(b). Similar to the radial velocity profiles of the RCI, the 4SBT90
also produces a continuous reduction in radial velocity with distance from the
impeller blades. For both radial impellers it is at the 30◦ phase angle that the
highest radial velocities are achieved in the impeller zone with the 0◦ phase angle
producing the lowest using an RCI and second lowest using a 4SBT90. This is a
major difference between the two impeller types. When comparing radial profiles
of all four impellers at 0◦ phase angle as shown in figure 5.25 it can be seen that
the RCI generates the highest radial velocities followed by the 4SBT90. Both
axial impellers as already pointed out generate much lower radial velocities than
the radial impellers regardless of rotational speed. The small difference in radial
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velocities between the axial impellers reduces even further as rotational speed is
increased.
Figure 5.25: Radial velocities of impeller types - 45mm, 300 rpm, 0◦ phase
angle
Radial velocities generated in the 1L vessel differ significantly when baffles are
present and are consistently higher across all three rotational speeds. Further, due
to the influence of baffles, the difference between radial velocities generated by
the radial and axial impellers is noticeably increased. For all impeller types and
regardless of whether baffles are present, the higher the rotational speed the lower
Ūr
Utip
is, unless the flow is reversed in which case the opposite is the case. Further,
with increased rotational speed the gradient of Ūr
Utip
decreases. Comparing phase
angles per impeller and rotational speed as above only with baffles installed many
similar conclusions can be drawn. The highest radial velocities in the impeller
zone are produced at the 0◦ and 15◦ phase angles with the values for both being
very similar. This is the case for both axial and radial impellers. With baffles
present the radial velocities at the 6 phase angles do not converge to a common
value until a greater distance from the impeller tip compared to a set-up without
baffles. The radial positions r/R of convergence of radial velocities of all 6 phase
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(a) (b)
Figure 5.26: Radial profile of radial velocity component, 300 rpm, with baffles;
4PBT60 (a), 4SBT90 (b)
angles due to baffles are as follows; 0.65 for the 4PBT45, 0.7 for the 4PBT60
(see figure 5.26(a)), 0.55 to 0.65 for the RCI and 0.65 to 0.7 for the 4SBT90 (see
figure 5.26(b)). Without baffles the distance reduced with increased rotational
speed, this is also the case for axial impellers with baffles present however it is
the opposite for radial impellers with distances increasing with rotational speed
when baffles are installed.
The comparison between impeller types remains similar when baffles are in-
stalled in the system, however the general shapes are rather different see figure
5.27. Baffles cause flow reversal for all four impellers just before the baffle itself.
Reverse flow velocities generated by axial impellers without baffles are very low
as previously discussed and are much higher when baffles are present. As is the
case without baffles, in the system with baffles the 4SBT90 generates the highest
radial velocities and the steepest velocity gradients, not just generally but also
specifically at 0◦ phase angle. The RCI generates the second highest velocities.
The radial velocities generated by the axial impellers are again significantly lo-
wer than those generated by radial impellers when baffles are installed with the
4PBT45 generating the lowest. As in the case without baffles higher reverse flow
velocities are reached by the 4PBT60. Reverse flow velocities of the radial im-
pellers are highest for the 4SBT90. The area of the vessel in which reverse flow
is present is much larger for axial impellers than for radial impellers. This again
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is largely due to the fact that the lower radial velocities of the axial impellers
cause less resistance for the reverse flow generated by the fluid motion around
the baffle.
Figure 5.27: Radial velocities of impeller types with baffles - 45mm, 300
rpm, 0◦ phase angle
Figure 5.28 shows a comparison of radial velocity profiles of a 45mm 4PBT45
at 300 rpm and 0◦ phase angle as measured from both a vertical and horizontal
measurement plane. The comparison between radial velocity profiles captured
from the vertical and horizontal measurement planes show good agreement in
terms of shape and value. The largest difference in measured velocity value
between the two measurement planes is 0.036 m/s. Thus it can be concluded
that PIV technique is applied correctly and velocity measurements are accurate.
5.10 Axial Velocities in 1L vessel
Axial velocities are presented at varying heights of the impeller blade and compa-
red across the radial profile as previously shown for radial velocities. The blade
positions are the same as above. As previously seen with radial velocities of the
4PBT45, initial velocities at the blade tip are higher at lower locations of the
86
5.10 Axial Velocities in 1L vessel
Figure 5.28: Radial velocity profiles measured from both vertical and
horizontal plane - 45mm 4PBT45, 300 rpm, 0◦ phase angle
impeller tip, see figure 5.29(a). From the centre of the blade tip upwards there is
no notable difference in initial axial velocity. Radial profiles at all heights display
common values from radial position r/R = 0.7 onwards until the vessel wall. The
4SBT90 produces greater downward velocities at lower locations of the impeller
except for the two lowest positions, there is slightly more downward velocity at
the location 10mm from the top than at 12.5mm from the top. Close to the ves-
sel wall, upward velocity magnitudes are in the order of location relative to the
impeller with highest velocities reached at the highest location. Values at all five
heights are the same from radial positions r/R 0.72 to 0.82, see figure 5.23(b).
Radial profiles of axial velocities are captured from the vertical measurement
plane which provides both axial and radial velocities. Figure 5.30 shows vector
plots of particle motion in both radial and axial directions for the 45mm 4PBT45
at 300 rpm at all 6 phase angles investigated. At 0◦ the impeller blade is in the
measurement plane and high velocity zones are detected at the lower impeller
blade tip and above the impeller blade. At all other phase angles the impeller
blade has moved the respective angle away from the measurement plane facili-
tating the capture of fluid motion in an even greater area. At 15◦ phase angle
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(a) (b)
Figure 5.29: UaUtip at varying heights of the impeller blade at 0
◦ phase angle, 300
rpm; 4PBT45 (a), 4SBT90 (b)
further high vorticity is present in the impeller tip zone. At 30◦ phase angle the
high vorticity zones are adjacent to one another until at 45◦ the join together and
become one high vorticity zone at 60◦ even if the velocity values are somewhat
diminished. At 75◦ phase angle there appears to be a new high vorticity zone
close to the impeller nut however this is flare due to intense laser light reflections
off the impeller base as it approaches the position of the 0◦ phase angle. There
is only flare at the base because it is much closer to the measurement plane that
the impeller tip. Also, due to the 45◦ blade angle of the 4PBT45 the intense
laser light reflections are from the top half of the impeller blade as it is closer
to the measurement plane than the bottom half. Figure 5.31 gives vector plots
for all four impellers at 300 rpm and 0◦ phase angle. They show the typical flow
patterns for the respective impeller types as described in chapter 2.
Each impeller type creates a unique profile of axial velocity. In the axial velo-
city plots, negative values mean downward velocity which is always found in the
impeller region while positive values mean upward velocity as is always the case
at the vessel wall. There are as discussed above regarding radial velocities, nota-
ble differences between axial velocities of radial and axial impellers. Both radial
impellers investigated show maximum axial velocities at 0◦ phase angle regardless
of rotational speed. This however is not the case for both axial impellers. When
comparing results with those of the steel 4PBT45 is must be noted that those
radial profiles were captured from below the impeller blade. Given that the axial
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Figure 5.30: Vector plots at all phase angles - 45mm 4PBT45, 300 rpm, no
baffles
Figure 5.31: Vector plots of all four impellers - 0◦ phase angle, 300 rpm, no
baffles
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impellers are down pumping impellers the area just below the impeller blade is
where downward forces are strongest. In this experimental series the radial pro-
files are measured from the centre of the impeller tip where downward velocities
are less prominent. Radial profiles of the axial velocity component at all 6 phase
angles for the 4PBT45 impeller at 300 rpm are given in figure 5.32. The varying
axial velocities by phase angle become uniform away from the impeller blade at
different radial locations r/R depending on the impeller type; 0.55 for 4PBT45,
0.6 for 4PBT60, between 0.6 and 0.65 for RCI and 0.6 for 4SBT90. The axial
impellers investigated again produce the greatest similarity in profiles in therms
of shape and value with axial velocities at the impeller tip nearly identical. Away
from the blades the 4PBT60 consistently generates higher axial velocities across
the profile horizontally to the vessel wall compared to the 4PBT45. The profiles
of the axial impellers cross each other on or very close to the zero velocity line
meaning that the 4PBT60 with the higher downward velocity is also the impel-
ler with the higher upward velocity. The axial velocity profile of the 4PBT45
between two adjacent impeller blades at 45◦ phase angle matches well with the
results of Amira et al. (2013) who conducted a PIV study examining the axial
velocity profile between two adjacent blades of a 45◦ 6-blade pitched blade tur-
bine at a similar tip speed of 0.8 m
s
. While the shapes of the profiles and even the
values of Ūa
Utip
(where Ūa is the average axial velocity component as determined
from 1000 image pairs and Utip is the impeller tip speed) show great consistency
at varying rotational speeds, the introduction of baffles changes both rather noti-
ceably. Profiles of axial velocity of the 45mm 4PBT45 match very well with those
of the 38mm 4PBT45 shown in figure 5.12. The profile shapes are very similar
and maximum downward and upward velocities are virtually the same for each
impeller with overall velocities for the smaller 38mm impeller with lower tip speed
about half the value of those of the 45mm impeller. Similarly the profiles of the
45mm 4SBT90, shown in figure 5.33 at all three rotational speeds match well with
the 38mm 4SBT90 as shown in figure 5.13. In both cases the highest downward
velocity at the impeller tip is reached at 0◦ phase angle followed by 60◦, then 45◦
and finally 30◦ phase angles. Further it is worth pointing out that the variation
of axial velocities at the impeller tip reduces with increased rotational speed as
shown in figure 5.33(a), (b) and (c) for 200, 300 and 375 rpm respectively. The
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noted rotational speed related difference is even more pronounced with the use
of an RCI.
Figure 5.32: Radial profile of axial velocity component from 45mm
4PBT45 at 300 rpm
The first thing that stands out when looking at radial profiles of axial velocity
is the consistency of profile shapes across rotational speeds. While the profile
shapes differ between impeller types as is to be expected, their shapes and va-
lues of Ūa
Utip
are very similar across the rotational speeds investigated and nearly
identical between 300 and 375 rpm. However values of Ūa
Utip
reduce slightly with
increased rotational speed. This is the case for both systems with and without
baffles. Without the presence of baffles there is a more pronounced difference
in profile shapes between the radial and axial impellers used compared to the
system with baffles installed. The initial downward velocity from the centre of
the impeller blade is higher for the radial impellers than for the axial impellers
(see figure 5.34) which would appear to go against expectations given that axial
impellers mainly push the flow up or down, in the case down. The generated
downward push however is generated along the length of the impeller downward
and not merely from the centre of the impeller tip downward from where the velo-
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(a) (b)
(c)
Figure 5.33: Radial profile of axial velocity component, 45mm 4SBT90; 200 rpm
(a), 300 rpm (b), 375 rpm, (c)
city measurements are taken. Radial impellers on the other hand while mainly
directing the fluid flow in a radial direction will cause any change in flow direction
in particular due to turbulence which is always present in the impeller zone, to
deviate from the radial direction and contribute to the axial or tangential velocity
components increasing their magnitudes. To put it simply, most of the energy
generated by axial impellers is present below the impeller blade in a mixture of
downward axial and radial direction while most of the energy generated by the
radial impellers is present near the impeller tip in radial direction. These are the
two areas of the mixing vessel in which the respective impeller types generate the
highest turbulence values as can be seen clearly from the vector plots in figures
5.30 without baffles and 5.36 with baffles present.
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Figure 5.34: Axial velocities of impeller types - 45mm, 300 rpm, 0◦ phase
angle
As mentioned above regarding the system without baffles, the two axial impellers
studied, the 4PBT45 and the 4PBT60 have very similar shapes and values across
all three rotational speeds. Their profiles of axial velocities relative to tip speed
are near identical when baffles are absent. The axial velocities across the radial
profile however are consistently slightly higher when using the 4PBT60. This
observation is consistent with the aforementioned difference between direction of
energy input of the different impeller types. The blade angle of the 4PBT60 allows
for a higher radial flow than the blade angle of the 4PBT45 which has a stronger
downward push directing its energy away from the radial measurement line from
the blade tip to the vessel wall which the plots of axial velocity represent. The
4PBT60 displays higher downward axial velocities along the radial profile than
the 4PBT45 until the two profiles intersect just above the zero velocity line me-
aning that the 4PBT60 continues to generate higher axial velocity values also in
the upward flow in the last third of the vessel towards the vessel wall. This is the
case at all three rotational speeds investigated with the intersection point of the
two profiles just beyond r
R
= 0.8 and the intersection with the zero velocity line
just before r
R
= 0.8. The radial impellers produce rather different profiles from
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the axial impellers and in the absence of baffles they differ noticeably from one
another. The 4SBT90 briefly maintains its highest axial velocity as generated at
the impeller tip before then reducing nearly linearly until within r
R
of 0.1 from
the vessel wall for all three rotational speeds investigated. The RCI however does
not generate a consistent linear profile but rather displays a prominent step in the
profile. The RCI is the only impeller that produces profiles with steps, all other
impellers bring about a very continuous change in velocity values. The steps in
the RCI generated profiles are at r
R
0.6 and 0.9. With initially higher axial velo-
cities at the impeller tip generated by the 4SBT90 the reduction in axial velocity
over the radial profile is greater meaning it generates higher velocity gradients at
all rotational speeds investigated. At about r
R
= 0.6 the RCI profile demonstrates
a prominent step which reduces with higher rotational speed. Beyond the step
the axial velocity gradients of the RCI are gradual until close to the vessel wall
and run close with those of the 4SBT90; from r
R
= 0.75 at 200 rpm, from r
R
= 0.67
at 300 rpm and from r
R
= 0.66 at 375 rpm. That means the velocity gradients of
both radial impellers are similar at that location in the vessel, particularly at 200
and 375 rpm. For both radial impellers Ūa
Utip
is greater at 200 rpm and reduces as
rotational speed is increased.
The insertion of baffles again does not greatly affect the relative difference between
phase angles however some differences must be pointed out. Radial impellers still
show high downward velocities at 0◦ phase angle while similarly high downward
velocities are also reached at 75◦ phase angle. The radial position r/R at which
the differences between the phase angles reduce to negligible values is 0.55 for
both axial impellers, between 0.6 and 0.63 for the RCI and 0.63 for the 4SBT90.
Figure 5.35 shows comparisons of radial profiles of the axial velocity components
at all 6 phase angles for the 4PBT60 and RCI at 300 rpm. Figure 5.36 shows
vector plots at all phase angles with baffles installed. It must be pointed out
again that at 75◦ phase angle there is substantial flare from the base of the im-
peller blade. Figure 5.37 gives vector plots for all four impellers at 300 rpm and
0◦ phase angle with baffles present. It shows the shift in location of vortices from
just below the impeller tip for the 4PBT45 to just in front of the lower edge of
the 4PBT60 and to just in front of the blade tip edge for both radial impellers.
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(a) (b)
Figure 5.35: Radial profile of axial velocity component, 300 rpm, with baffles;
4PBT60 (a), RCI (b)
With baffles installed axial velocities at the tips of the axial impellers increase
by about a factor of four while those at the vessel wall increase by as much as
double. Consequently the velocity gradients are much steeper when baffles are
in place. Both axial impellers display the same gradual velocity reduction across
the radial profile which is largely linear with the main difference between them
being the slope of the velocity gradient which is higher for the 4PBT60. The two
axial profiles again cross on or very close to the zero velocity line. With baffles
present the shapes and values of the profiles of the radial impellers become much
more similar compared to the set-up without baffles. The slopes of the gradients
of both radial impellers are nearly identical from the impeller tip until half way to
the vessel wall. The presents of baffles increase the velocity values generated by
the RCI and generate a step and a peak in the profiles in virtually the same places
at all three rotational speeds, namely a step after r
R
= 0.65 and a peak at r
R
= 0.88.
Baffles cause the 4SBT90 generated profiles to be more chaotic with a step around
r
R
0.65 and a peak around 0.9 while they had been smooth without baffles present.
The radial impellers which have very different profile shapes without baffles have
very similar shapes with baffles installed. Baffles change the shape of the profiles
of the axial impellers entirely. They become much more similar to the profile
shapes of the radial impellers only without the step meaning they bring about a
much more consistent change in axial velocity. They still present a peak around
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Figure 5.36: Vector plots at all phase angles with baffles present - 45mm
4PBT45, 300 rpm
Figure 5.37: Vector plots of all four impellers with baffles - 0◦ phase angle,
300 rpm
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r
R
between 0.8 and 0.9 only that for the 4PBT45 at 375 rpm the peak at the same
position of r
R
is much lower. Figure 5.38 shows comparisons of axial velocities at
0◦ phase angle of all four impeller types at 300 rpm.
Figure 5.38: Axial velocities of impeller types with baffles - 45mm, 300
rpm, 0◦ phase angle
5.11 Tangential Velocities in 1L vessel
The difference in tangential velocities by phase angle is very small, particularly
in the case of radial impellers. Axial impellers show small variances close to the
impeller tip at varying phase angles. These varying values only exist a very short
distance away from the impeller tip at the following radial positions r/R; up to
0.55 for 4PBT45, 0.55 to 0.6 for the 4PBT60, they are very minor for both radial
impellers and barely detectable at 300 and 375 rpm. Only a short distance from
the impeller tip the profiles of tangential velocities can hardly be distinguished
from one another. Figures 5.39(a) through 5.39(b) show radial profiles of the
tangential velocity component at all 6 phase angles for all four impellers at 300
rpm.
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(a) (b)
Figure 5.39: Radial profile of tangential velocity component, 300 rpm; 4PBT45
(a), 4SBT90 (b)
The shapes of radial profiles of tangential velocities of the four impellers differ
noticeably, particularly the different impeller types, axial and radial differ from
one another. Axial impellers produce a variance in initial velocity values at the
impeller tip between phase angles and converge towards common values at only a
short distance from the impeller. From that point on the tangential velocities only
reduce gradually until there is an increased velocity reduction from approximately
r
R
= 8.4 to the vessel wall. The slope of the velocity reduction is significantly
steeper when using the 4PBT60 compared to the 4PBT45. Radial impellers
display greater uniformity of phase resolved tangential velocities across the radial
profile compared to axial impellers and the different phases display near identical
values across the radial profile. When comparing radial profiles of tangential
velocity between impeller types at 0◦ phase angle it stands out that the profiles of
both radial impellers are parallel to on another across the entire profile at all three
rotational speeds, shown at 300 rpm in figure 5.40, with the 4SBT90 consistently
generating higher velocities than the RCI. Axial impellers also generate similar
profiles with very similar values, the main difference being that close to the vessel
wall at r
R
of about 0.9 the tangential velocity of the 4PBT60 drops off much more
rapidly towards the vessel wall compared to the 4PBT45. This is the case at all
three rotational speeds investigated. The results for the 45mm 4PBT45 again
match well with those of the 38mm 4PBT45 shown in figure 5.19 in terms of
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profile shape with the velocity values again smaller for the smaller impeller with
the lower tip speed.
Table 5.2 gives and overview of maximum (at impeller) and minimum (at
vessel wall) tangential velocity values for each impeller and at each rotational
speed.
Figure 5.40: Tangential velocities of impeller types - 45mm, 300 rpm, 0◦
phase angle
Once again it must be stated that velocities close to the impeller wall cannot
be considered to be accurate due to the extreme curvature of the vessel at that
location and the difficulty of accurately calibrating the vessel geometry so close
to the vessel wall.
Three things stand out immediately when observing radial profiles of tangen-
tial velocities with baffles installed. Firstly overall velocity values are lower by
about a factor of 1.5 compared to results using the same set-up only without baf-
fles present. Secondly the different phase angles cause greater variation of fluid
velocities in the impeller zone and the radial position r/R at which the velocities
at all phase angles converge to a common value are; 0.55 to 0.6 for 4PBT45 see
figure 5.41(a), 0.6 for 4PBT60, 0.6 to 0.65 for RCI and approximately 0.7 for
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Max at impeller 0.42 0.66 0.78
Min at vessel wall 0.22 0.3 0.36
4PBT60
Max at impeller 0.5 0.62 0.78
Min at vessel wall 0.12 0.2 0.28
RCI
Max at impeller 0.5 0.75 0.88
Min at vessel wall 0.22 0.34 0.42
4SBT90
Max at impeller 0.58 0.84 0.89
Min at vessel wall 0.27 0.41 0.45
4SBT90 see figure 5.41(b). Finally, the slopes of the velocity gradients are signi-
ficantly steeper at all phase angles, for all impeller and at all rotational speeds.
When comparing all four impellers at 0◦ phase angle directly as shown in figure
5.42 the similarities between impeller types are once again obvious. The radial
impellers have very similar profile shapes and values with very similar slopes. As
rotational speed increases the position of the steepest slope of both radial impel-
lers approximate each other until they completely overlap at 375 rpm. The two
axial impellers compare well with one another as they also display similar profile
shapes and values and the location of their steepest slopes become closer with
increased rotational speed until they also overlap at 375 rpm. Comparing all four
impellers, the 4SBT90 generates the highest values of Ūt
Utip
across all rotational
speeds followed by the RCI. Both axial impellers generate lower values of Ūt
Utip
with the 4PBT45 generating the lowest.
5.12 Fluctuating velocity components
Results from PIV experiments with 1000 image pairs as discussed above are com-
pared with PIV results using 100, 300 and 500 image pairs in order to determine
the variance of fluctuating velocity components with total image pair number. Fi-
gure 5.43 shows that for fluctuating velocities in both radial and axial direction,
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Table 5.3: Maximum values of ŪUtip for all three velocity components at all 6 phase
angles for all four impeller types.





4PBT45 4PBT60 RCI 4SBT90
Radial 0◦ 0.200 0.115 0.414 0.340
Axial 0◦ 0.114 0.140 0.068 0.075
Tangential 0◦ 0.652 0.630 0.741 0.827
Radial 15◦ 0.043 0.051 0.518 0.544
Axial 15◦ 0.113 0.142 0.068 0.076
Tangential 15◦ 0.604 0.591 0.745 0.829
Radial 30◦ 0.000 0.008 0.585 0.657
Axial 30◦ 0.113 0.142 0.068 0.077
Tangential 30◦ 0.634 0.582 0.744 0.844
Radial 45◦ 0.003 0.006 0.574 0.579
Axial 45◦ 0.113 0.143 0.067 0.078
Tangential 45◦ 0.691 0.620 0.754 0.870
Radial 60◦ 0.003 0.010 0.533 0.453
Axial 60◦ 0.114 0.141 0.070 0.077
Tangential 60◦ 0.724 0.653 0.773 0.850
Radial 75◦ 0.111 0.059 0.480 0.375
Axial 75◦ 0.114 0.143 0.067 0.076
Tangential 75◦ 0.725 0.661 0.753 0.833
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(a) (b)
Figure 5.41: Radial profile of tangential velocity component, 300 rpm, with baf-
fles; 4PBT45 (a), 4SBT90 (b)
the radial profiles become smoother with increased number of image pairs up
until 500 image pairs. The difference between 500 and 1000 image pairs is minor.
With only 100 image pairs, radial profiles present random variances that have no
physical explanation. With 300 image pairs the extreme randomness disappears,
however radial profiles are not yet particularly smooth with slight bumps and
dips across the profile. The results support the decision to increase image pairs
from 100 as used in initial experiments to 1000 image pairs for the main body of
experiments.
5.13 Effects of impeller type on PSD of cooling
crystallization
A Mettler-Toledo FBRM probe was used to provide particle counts and cord
length distributions (CLD) in real time throughout the entire cooling crystalli-
zation experiment. Figure 5.44 compares particle counts over time for all four
experiments.
Samples of the filtered and dried Paracetamol crystals and also of the seed
crystals were used to determine the Particle Size Distribution using a Malvern
Mastersizer 3000 which is a laser diffraction particle size distribution analyser.
A suspension of particles in a dispersant circulates past a measurement window
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Figure 5.42: Tangential velocities of impeller types with baffles - 45mm,
300 rpm, 0◦ phase angle
(a) (b)
Figure 5.43: Radial profiles of fluctuating velocity component, 4PBT45, 300 rpm,
0◦ phase angle; radial (a), axial (b)
where two independent light sources, a red 4 mW He-NE laser with a wave length
of 632.8 nm and a 10 mW blue LED with a wave length of 470 nm are used to
measure the sizes of passing particles. The range of measurable particle sizes is
0.01 to 3500 µm and are divided into 100 logarithmically spaces class sizes. The
manufacturer states a measurement accuracy better than 0.6%. The dispersant
used to suspend the particles needed to be chosen carefully to ensure there would
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Figure 5.44: Particle Counts over time from online measurement of
FBRM
be no dissolution of the Paracetamol crystals during the process as the PSD
would be changed. The solubility of Paracetamol in cyclohexane is 0.0539 g/kg
at 25◦C and is sufficiently low to be considered negligible. Before any sample seed
was added to the dispersant a laser alignment was carried out in order to take
into account the refractive index of cyclohexane. Sample quantity of paracetamol
particles to be measured was chosen carefully to ensure sufficient quantity for a
representative result while also preventing multiple scattering. Figure 5.45 shows
the PSDs of Paracetamol as generated by each of the four impellers used and
compares them to the seed PSD. The radial impellers which have been shown to
generate higher shear values generate more particle fines and the mean particle
sizes they produce are much lower than those of the axial impellers. The 4SBT90
which has been shown to produce the highest shear of all four impellers has the
smallest mean particle size of 550 µm and a small peak in the fines size range of
1 volume%. The RCI produces a larger mean particle size of 800 µm and a large
peak of nearly 5 volume% in the fines size range between 50-250 µm. Both axial
impellers generate much larger mean particle sizes and also deliver particles in
much larger size ranges compared to both radial impellers. The 4PBT45 produces
a mean particle size of 900 µm with only a very small peak of just over 1 volume%
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in the fines particle size and large particles of up to 3300 µm. The 4PBT60
produces the largest mean particle size of 1400 µm and the smallest peak of all
impellers of just under 1 volume% in the fines particle size range. It also produces
the highest number of large particles in the size range between 3000 and 3500
µm. The 4PBT60 that produces the lowest TSS also generates the smallest total
number of particles, the largest particle size range and the least amount of fines.
The crystallization process with the 4PBT60 compared to all other examined
impellers is more growth dominated than nucleation dominated. Given the low
supersaturation of the solution and the slow cooling rate, primary nucleation
events are assumed to be negligible in all four crystallization experiments. Thus
it must be concluded that the variance in PSDs from all four impeller types is
due to the variance in number of secondary nucleation events and the subsequent
distribution of solute molecules onto a greater number of crystals.
Figure 5.45: Particle Size Distributions of seed crystals and final product
from crystallization processes with each impeller type
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5.14 Scale up
The previously described system was scaled up in two steps, to 3.25L and 8.25L.
The reason to limit the fill volume of the larger round bottomed glass vessels
with capacities of 5L and 20L respectively was to maintain the same fill ratio
of 1.4 relative to the vessel diameter as was used in the 1L vessel. Impellers
were designed in SolidWorks and 3D printed based on the smaller impellers with
the blade diameters increased to retain the same impeller to vessel diameter
ratio of 0.45. This resulted in impeller diameters of 65mm and 90mm for the
3.25L and 8.25L experiments respectively. All other impeller dimensions such
as blade width, thickness and edge rounding were kept the same. Rotational
speeds were increased based on a constant power to volume ratio. Table 4.3
gives values of impeller diameter, rotational speed, tip speed, Reynolds number
and Stokes number for all scales investigated. Comparisons drawn between the
scaled systems are based on equal power to volume ratios and thus a distinction
is made between low, medium and high rotational speed. Experiments for both
scale-up steps were conducted in the same way as for the small scale with 1000
image pairs captured from both a vertical and a horizontal measurement plane.
Baffles are not considered in scale-up experiments as they are typically not used
in pharmaceutical experiments of that scale.
5.15 Radial Velocity at Scale-up
At both the 3.25L and 8.25L scale the shapes and values of radial profiles of
radial velocity show great consistency across all the rotational speeds investigated.
Figure 5.46(a) shows the comparison for the 65mm 4PBT45 at 3.25L scale and
figure 5.46(b) for the 90mm 4SBT90 at 8.25L scale. Differences in values of Ūr
Utip
when existent are only small while in many cases an overlap in values at two
and even all three rotational speeds is evident. The only consistent change due
to rotational speed is in the case of both axial impellers at 8.25L scale in which
case values of Ūr
Utip
and the slope of the gradients increase with rotational speed.
For the 4PBT45 the difference between low and medium rotational speed is small
and the difference between medium and high rotational speed is rather large and
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(a) (b)
Figure 5.46: Radial velocities at varying rotational speeds and scales; 65mm
4PBT45 (a), 90mm 4SBT90 (b)
by far represents the biggest difference in Ūr
Utip
due to rotational speed for any
impeller at any scale investigated. For the 4PBT60 values of Ūr
Utip
increase only
marginally with increased rotational speed. The shapes of the profiles of radial
velocity for the radial impellers remain very consistent with varied rotational
speed apart from an increase in flow reversal velocity at high rotational speed
with the RCI installed.
Comparing profiles of radial velocities at all three scales it must be pointed out
that similarities between profiles at the three scales depend greatly on impeller
type. With axial impellers the shapes and value of profiles are very similar. At low
and medium rotational speed Ūr
Utip
reduces slightly with increased scale, see figures
5.47(a) and 5.47(b) however at high rotational speed the reverse is the case with
Ūr
Utip
values increasing slightly, see figures 5.47(c). Both radial impellers deliver
significant differences in radial profiles upon scale-up. The changes in profile
shape between scales are largely independent of rotational speed. In the case
of the RCI there is much greater similarity of profiles of radial velocity between
the 1L and 3.25L scale with values of Ūr
Utip
decreasing with increased scale, as
shown in figure 5.47(d) for the medium rotational speed. The decrease in Ūr
Utip
with increased scale is more drastic at 8.25 scale and also produces a change in
profile shape. The radial velocity present at the impeller tip drops off rapidly
with distance from the impeller until the radial velocity reaches zero at the radial
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(a) (b)
(c) (d)
Figure 5.47: Radial velocities at all three scales; 4PBT45, low rpm (a), 4PBT45,
medium rpm (b), 4PBT45, high rpm (c), RCI, medium rpm (d)
position r/R = 0.65. The finding is an indicator that the RCI is a low shear
impeller at large scale. The decrease in Ūr
Utip
with increased scale is also the case
for the 4SBT90, however the changes in value of Ūr
Utip
reduce with scale in much
more even steps.
5.16 Axial Velocity at Scale-up
As discussed regarding the 1L scale, at both the 3.25L and the 8.25L scales,
similarity of the profile shapes and values across varying rotational speeds is very
noticeable. In some cases i.e. the 4PBT60 and 4SBT90 at 3.25L scale, the profile
shapes and the values of Ūa
Utip
appear to be independent of rotational speed. The
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the impeller tip at all three rotational speeds with a value of Ūa
Utip
= 0.08. Further
all three profiles for all three rotational speeds display an increase in downward
velocity after the impeller tip at r
R
= 0.6. The magnitude of those peaks is Ūa
Utip
=
0.1 in all three cases. The 4SBT90 profiles at the 3.25L scale all cross the zero
velocity line at approximately r
R
= 0.82 before the upward velocity increases with
proximity to the vessel wall. The profiles representing axial velocities for the RCI
at the 3.25L scale, see figure 5.48(b) also show great consistency in terms of profile
shape and Ūa
Utip
values. Initial downward velocity values are higher than those
generated by the 4SBT90 and reduce more gradually, almost linearly towards the
zero velocity line before increasing gradually towards the vessel wall. The RCI
profiles cross the zero velocity line between r
R
of 0.80 and 0.82. Axial velocity
changes across the radial profile are closest to linear when the RCI is used. As
expected the axial impellers display very similar profiles and values of Ūa
Utip
apart
from the impeller zone in which axial velocities for the 4PBT45 are much higher
than for the 4PBT60. Plots for the 4PBT60 are shown in figure 5.48(c). Their
initial downward velocities are higher than those of the radial impellers which is
opposite to the findings at the 1L scale. The higher velocities at the impeller tip
however dissipate rapidly until they reach Ūa
Utip
values in the region of the radial
impellers from which point on the changes in axial velocity are gradual even if
not quite linear, until the vessel wall.
At the 8.25L scale again the variance in rotational speed does not have an
obvious impact on the profile shapes and Ūa
Utip
values. Just as with the 3.25L
scale the 4SBT90 generates the most consistent profiles across rotational speeds
investigated with values of Ūa
Utip
nearly identical at medium and high rotational
speeds, see figure 5.49(c). 4SBT90 profiles at large scale cross the zero velocity line
at r
R
= 0.75. The RCI displays great consistency from low to medium rotational
speed at 8.25L scale while at high rotational speed a downward velocity peak
develops after the impeller tip. At low and medium rotational speeds the profiles
cross the zero velocity line at r
R
= 0.8 and at high rotational speed the profile
crosses at r
R
= 0.75. A noticeable difference in profiles of axial velocity as a direct
result of increased rotational speed is the increase of upward velocities at the vessel
wall. The values of Ūa
Utip
increase from 0.125 to 0.145 to 0.170 for low, medium and
high rotational speeds respectively. Much like the RCI, the axial impeller profiles
109
5. EXPERIMENTAL RESULTS AND DISCUSSION
(a) (b)
(c)
Figure 5.48: Axial velocities at varying rotational speeds, 65mm, 3.25L; 4PBT60
(a), RCI (b), 4SBT90 (c)
change very little from low to medium rotational speed at the 8.25L scale. The
axial velocity values of the 4PBT60 increase slightly with increased rotational
speed while the shapes remain consistent, see figure 5.49(a). The higher the
rotational speed the greater the downward peak after the impeller tip and the
greater the upward velocity from the zero velocity point on the radial profile to
the vessel wall. In the case of the 4PBT45 however the increase to high rotational
speed displays a reduced value of Ūa
Utip
at the impeller tip and instead causes the
formation of a downward peak just after the impeller tip much like can be seen
with the 4PBT60. At the large scale the profiles of the axial impeller become
more similar with higher rotational speed. The changes in profile shapes as a
result of scale-up are mainly close to the impeller tip and to a much lesser degree
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(a) (b)
Figure 5.49: Axial velocities at varying rotational speeds, 90mm, 8.25L; 4PBT60
(a), 4SBT90 (b)
at the vessel wall. While net velocities increase with scale it is not necessarily the
case that Ū
Utip
values do so as well. In fact values of Ūa
Utip
remain largely consistent
with scale up by power to volume ratio.
Profile shapes and values of Ūa
Utip
for all four impeller types across all three
scales have very consistent values at low, medium and high rotational speeds.
The shape of the axial velocity profiles does however vary between impeller types.
Axial velocities for the 4PBT45 as shown in figure 5.50(a) at medium rotational
speeds display great similarity in shapes and values which increase ever so slightly
with rotational speed. The exception to the similarity in profile shapes and values
is in the impeller tip zone at 3.25L scale. A very distinct increase in downward
velocity is recorded at all three rotational speeds. This is due to flare from
the impeller blade tip as a result of slight oscillation of the impeller blade and
is not representative of the true velocities at that location. As in the case of
the 4PBT45, the values of Ūa
Utip
generated by the 4PBT60 at all three scales while
similar at low, medium and high rotational speeds become even more similar with
increased rotational speed. The axial velocity profiles of both axial impellers are
very similar in shape and value. The shapes of axial profiles of the RCI differ
noticeably between the three scales, see figure 5.50(b). The smoothest profiles are
achieved at 3.25L scale and are close to linear. At 8.25L scale the profile curves
up towards the vessel wall and the bend in the profile increases with rotational
111
5. EXPERIMENTAL RESULTS AND DISCUSSION
(a) (b)
Figure 5.50: Axial velocities at all three scales, medium rpm; 4PBT45 (a), RCI
(b)
speed. The 1L scale generates an uneven, chaotic profile which evens out with
increased rotational speed. The 4SBT90 generates very consistent axial velocity
profiles at low, medium and high rotational speeds. There are however noticeable
difference between the shapes and values at the three scales. The 8.25L scale
produces the lowest downward values of Ūa
Utip
at the impeller tip and the highest
upward velocities at the vessel wall. This suggests very high efficiency of large
flow loops in the large stirred vessel. The opposite is the case at 1L scale with
high downward values of Ūa
Utip
at the impeller tip and low upward values at the
vessel wall suggesting much greater energy loss in the flow velocity of the large
flow loop. The Ūa
Utip
values at the impeller tip and the vessel wall at 3.25L scale
ly between those of the bigger and smaller scale. It can thus be concluded that




5.17 Tangential Velocity at Scale-up
The profile shapes at 3.25L and 8.25L scale are not greatly affected by rotational
speed and their values of Ūt
Utip
only vary slightly in some cases while there is an
overlap of profiles of different rotational speeds in other cases. While at 1L scale
the values of Ūt
Utip
reduce with rotational speed, this is not the case at both larger
scales at which values of Ūt
Utip
increase with rotational speeds when they do differ.
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At 3.25L scale the 4SBT90 generates the highest Ūt
Utip
values across the radial
profile, see figure 5.51(b), followed by the RCI, the 4PBT60, see figure 5.51(a)
and finally the 4PBT45. This is the same as previously shown at 1L scale. At
8.25L scale the sequence of highest to lowest values of Ūt
Utip
is a little different.
The 4SBT90 generates the highest Ūt
Utip
values across the radial profile, see figure
5.51(d), followed by the 4PBT60 which has only marginally lower values, see
figure 5.51(c). The RCI and the 4PBT45 also have very similar values of Ūt
Utip
.
At 8.25L scale the shapes of the profiles of tangential velocity at all rotational
speeds are not only very similar but the values of Ūt
Utip
reduce nearly linearly with
distance from the impeller tip. Close to the vessel wall however there is a sudden
velocity reduction with all impellers except the 4SBT90 at high rotational speed,




generally reduce with scale when scaling by power to volume
ratio and the difference between values at all three scales reduces with increased
rotational speed. The velocity drop off in profiles of tangential velocity of 4PBT45
impellers reduces in both scaled-up systems, see figure 5.52(a). The velocity drop
off of 4PBT60 impellers reduces significantly in both scaled-up systems to the
degree that the tangential velocity profile of the 1L scale crosses the profiles of
both the 3.25L and 8.25L scales generating a significantly lower value of Ūt
Utip
close
to the vessel wall. While both axial impellers generate greater similarity between
profile shapes and values of Ūt
Utip
at 3.25L and 8.25L scales, both radial impellers
generate greater similarity of profile shapes and values of Ūt
Utip
between the 1L
and 3.25L scales. In the case of the RCI the maximum value of Ūt
Utip
is generated
at 3.25L scale in the impeller zone. The amount by which the maximum value
of Ūt
Utip
is greater than that generated at 1L scale which in the case of all other
impellers always generates the highest value of Ūt
Utip
reduces with rotational speed.
At all three levels of rotational speed the profiles of tangential velocity at 8.25L
scale are rather flat and nearly linear until close to the vessel wall where there
is a sudden velocity drop off. At both other scales however the slopes of the
profiles are rather steep with fairly constant gradients except at 3.25L scale in
the immediate impeller zone. With the 4SBT90 installed very similar maximum
values of Ūt
Utip
are reached at both the 1L and 3.25L scales with the values at
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(a) (b)
(c) (d)
Figure 5.51: Tangential velocities at varying rotational speeds and scales; 65mm
4PBT60, 3.25L (a), 65mm 4SBT90, 3.25L (b), 90mm 4PBT60, 8.25L (c), 90mm
4SBT90, 8.25L (d)
the 1L scale being ever so slightly higher. From the maximum Ūt
Utip
values at the
impeller tip the Ūt
Utip
reduction is much greater at 3.25L scale and thus the velocity
gradients are greater, see figure 5.52(b). The maximum Ūt
Utip
values at 8.25L scale
are much lower as the profiles of tangential velocity at that scale are generally
more flat, in particular with radial impellers as pointed out regarding the RCI.




Figure 5.52: Tangential velocities at all three scales, medium rpm; 4PBT45 (a),
4SBT90 (b)
5.18 Conclusions
Impeller clearance settings of 1
5
of the mixing vessel diameter (D=100mm) for
4PBT45 and 1
3
for 4SBT90 provide the most uniform mixing in terms of both
velocity distribution and value. Different impeller types generate different global
flow loops and also dictate the location of highest velocity in the vessel. Ra-
dial impellers produce the highest velocities radially away from the impeller tip
whereas axial impeller produce the highest velocities below the impeller blades.
Increase in impeller diameter provides an increase in fluid velocity due to higher
tip speeds with larger high velocity zones and with greater velocity maxima. The
presence of baffles in stirred vessels increases localised velocities due to impel-
ler and baffle proximity and the flow around the static baffle. While increased
rotational speed causes greater velocities across the radial profile and generally
throughout the stirred vessel, values of Ūr
Utip
compare well across rotational speeds
investigated. This is the case for radial, axial and tangential velocity profiles. The
difference between the two steel impellers investigated is marginal however due
to the presence of minor poor mixing zones seen beneath straight blade turbines
it would have to be argued that the pitched blade turbine is slightly favourable in
terms of flow distribution. Regardless of impeller type, the 50mm impeller with
an impeller to tank diameter ratio of 0.5 (compared to 0.38 for the 38mm impel-
ler) provides higher fluid velocities. All PIV experimental series are carried out
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with good accuracy shown by good agreement between captured radial velocities
from both measurement planes with the largest differences in measured velocities
between 0.034 and 0.036 m/s.
Results on 3D-print impellers show that velocities in the impeller zone vary by
phase angle. Away from the impeller zone all phase angles generate the same
velocities and profiles become very smooth. The higher the rotational speed, the
closer to the impeller tip the velocities at all 6 phase angles converge. All max-
imum velocities regardless of phase angle are reached at the impeller tip. Both
axial impellers have very similar profiles of radial velocity in terms of general
shape, however radial velocity gradients in the impeller tip zone are marginally
higher using a 4PBT60 versus a 4PBT45. Radial velocities of axial impellers away
from impeller zone are close to zero. The steeper the blade angle with 90◦ being
the maximum, the more energy input into the radial direction. This explains why
radial impellers generate much higher radial velocities than axial impellers. With
radial impellers, a continuous, nearly linear drop in radial velocity can be seen at
all rotational speeds once the velocities of all phase angles have converged. Max-
imum radial velocities achieved by all four impellers from lowest to highest are;
4PBT45, 4PBT60, RCI and 4SBT90. With baffles installed radial velocities ge-
nerated in the 1L vessel are consistently higher across all three rotational speeds.
Due to the influence of baffles, the difference between radial velocities generated
by the radial and axial impellers is significantly increased. For all impeller types
and regardless of whether baffles are present, the higher the rotational speed the
lower Ūr
Utip
is, unless the flow is reversed in which case the opposite is the case.
Further, with increased rotational speed the gradient of Ūr
Utip
decreases. Without
baffles the distance reduced with increased rotational speed, this is also the case
for axial impellers with baffles present however it is the opposite with distances
increasing with rotational speed for radial impellers when baffles are installed.
Baffles cause flow reversal for all four impellers just before the baffle itself, this
effect is much higher for axial impellers then radial impellers. Both radial im-
pellers show maximum axial velocities at 0◦ phase angle regardless of rotational
speed. Values of Ūa
Utip
reduce slightly with increased rotational speed. This is the
case for both systems with and without baffles. Without the presence of baffles
there is a more pronounced difference in profile shapes between radial and axial
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impellers used compared to the system with baffles installed. With baffles instal-
led axial velocities at the tips of the axial impellers increase by about a factor of
four while those at the vessel wall increase by as much as double. Consequently
the velocity gradients are much steeper when baffles are in place. Radial profiles
of tangential velocity are the smoothest and most consistent of the three velocity
components and the tangential velocity differences by phase angle in the impeller
zone are by far the smallest. With baffles installed, tangential velocity values are
lower by about a factor of 1.5 compared to results using the same set-up only
without baffles present. With baffles installed the different phase angles cause
greater variation of fluid velocities in the impeller zone and the distance from
the impeller tip at which the velocities at all phase angles converge to a common
value is increased. The slopes of the velocity gradients are significantly steeper
at all phase angles, for all impellers and at all rotational speeds when baffles are
present. Batch cooling crystallization experiments were carried out with all four
impeller types to determine variances in PSDs. The radial impellers generate
more particle fines and the mean particle sizes they produce are much lower than
those of the axial impellers. The 4SBT90 produces the smallest mean particle
size while the RCI generates the highest volume of fines. Both axial impellers
generate much larger mean particle sizes and also deliver particles in much larger
size ranges compared to both radial impellers. The 4PBT60 produces the lar-
gest mean particle size, only slightly larger than that of the 4PBT45 and even
fewer fines. Scale-up experiments were conducted according to constant power to
volume ratio in two scales, 3.25L and 8.25L. While net velocities increase with
scale it is not necessarily the case that Ū
Utip
values do so as well. In fact values
of Ūa
Utip
remain largely consistent with scale up by power to volume ratio. At
both the 3.25L and 8.25L scale the shapes and values of radial profiles of radial
velocity show great consistency across all the rotational speeds investigated. Si-
milarities between profiles of radial velocity at the three scales depends greatly
on impeller type. With axial impellers the shapes and values of profiles are very
similar. Both radial impellers deliver significant differences in radial profiles upon
scale-up. The changes in profile shape between scales are largely independent of
rotational speed. At all three scales, similarity of the profile shapes and values
of axial velocity across varying rotational speeds is very noticeable. At 3.25L
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scale, axial velocity changes across the radial profile are closest to linear when
the RCI is used. At both scale-up steps, the 4SBT90 generates the most consis-
tent profiles of axial velocity across rotational speeds investigated. The changes
in profile shapes as a result of scale-up are mainly close to the impeller tip and
to a much lesser degree at the vessel wall. Profile shapes and values of Ūa
Utip
for
all four impeller types across all three scales have very consistent values at low,
medium and high rotational speeds. The profile shapes of tangential velocities
at 3.25L and 8.25L scale are not greatly affected by rotational speed and their
values of Ūt
Utip
only vary slightly in some cases while there is an overlap of profiles
of different rotational speeds in other cases. Values of Ūt
Utip
generally reduce with
scale when scaling by power to volume ratio and the difference between values




Shear stresses are forces acting on surfaces in a direction parallel to the surface
they are acting on. Their units are force per area ( N
m2
). When weak they cause
friction on the surface they are acting on and when strong enough they can even
deform the body they are acting on. In laminar flow, shear stress is the product
of the velocity gradient and the dynamic viscosity µ. Given that the dynamic
viscosity is constant throughout a stirred vessel, the shear stress acting on the
fluid and any particles contained in it is a function of the velocity gradient. The
higher the velocity gradient, the greater the shear stress. In turbulent flow the
total shear stress is the sum of the laminar shear stress and the turbulent shear
stress as shown in 6.1, however in turbulent flow the value of τlam is negligible
compared to the values of τturb (Mersmann and Geisler (1991), Midler and Finn
(1966)) An example calculation is given later. τturb is a function of fluid density
ρ and turbulent fluctuating velocities. Equations 6.3, 6.4 and 6.5 give values of
shear stress where µ is the dynamic viscosity of the flow, u is the flow velocity
along the boundary and y is the height above the boundary. Figure 6.1 shows
all stresses acting on a fluid element. There are normal stresses σ in all three
directions normal to the fluid element surfaces and shear stresses τ , two per
surface acting normal to the normal stresses σ and also to one another. The
indexes for both normal stresses and shear stresses refer to first the direction
normal to the surface they are acting on and second the direction they are acting
in. It must be pointed out that τxy = τyx, τxz = τzx and τyz = τzy.
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Figure 6.1: Stresses acting on a fluid element - Normal stresses σ and shear
stresses τ
























































The equations for τturb simply referred to as TSS are derived by using Mohr’s
circle. Using equation 6.3 as an example, only the stresses in x and y directions
are considered as shown in figure 6.2 (a). For illustration purposes values are
given to each stress in N/m2; σyy = +5, σxx = -3, τxy = 4. Given values are
then plotted onto a Cartesian coordinate system with σ as the abscissa and τ as
the ordinate and the points at which they intersect are connected by a straight
line. A circle with the diameter of the straight line is then drawn around the
centre of the straight line which then intersects with the plotted points as shown
in figure 6.2 (b). Known values for σ and τ can then be used to calculate the
hypotenuse using Pythagoras’ theorem. The general equation for the hypotenuse






+ τ 2xy (6.6)





(σyy − σxx)2 + τ 2xy (6.7)
which equates to equation 6.3.




The impeller clearance shows a clear effect on the turbulence distribution in a
reactor vessel. At high clearance the turbulent flow dissipates before it reaches
either the vessel floor or wall, see figure 6.3. Under otherwise identical conditions,
at the low clearance setting the turbulence generated at the impeller hits the vessel
floor and becomes stagnant below the impeller level and does not progress up the
vessel walls. At the medium clearance setting the turbulent flow is directed at
the curvature of the vessel between the vessel floor and the vessel wall directing
the turbulent flow along the curvature and up the vessel wall.
Figure 6.3: Turbulent shear stresses at varying clearance; 38mm steel
4PBT45, 200rpm
6.2 Impeller type
The impeller type has a very noticeable effect on turbulence in terms of turbulence
value, distribution and also the position of the zone of highest turbulent kinetic
energy. Figure 6.4 shows the turbulence distribution as produced by a 38mm
steel 4SBT90. When compared to a the turbulence caused by the 38mm steel
4PBT45 it is immediately noticeable that maximum turbulence values are higher
and that high turbulence values are present in greater areas of the stirred vessel
122
6.2 Impeller type
Figure 6.4: Turbulent shear stresses at varying clearance; 38mm steel
4SBT90, 200rpm
independent of impeller clearance. At all three clearance settings the zones with
highest turbulent kinetic energy are below the impeller blades and extent to
the vessel floor. The lower the clearance the greater the turbulence below the
impellers. This is due to the fact that fluid flow moving down the vessel wall
and along the vessel floor towards the centre of the vessel reaches the centre with
greater energy when the clearance is lower. This is simply because the distance
to be covered is less and there is less time for energy to be lost. There is also a
high turbulence zone at the top of the vessel adjacent to the impeller shaft. At
low clearance D
5
the two high turbulent kinetic energy zones are detached and
there is a large dead zone above the impeller level close to the vessel wall. At
clearance D
3
the high turbulent kinetic energy zones are joint even if significantly
more intense below the impeller while there is also moderate turbulent kinetic
energy zone generated in the upper third of the vessel. The only low turbulent
kinetic energy zone at that clearance is from half way between the shaft and the
vessel wall to the vessel wall at the impeller level and slightly above and below
it. The clearance setting D
2
also causes the turbulent kinetic energy zone above
and below the impeller to join, however the area from half way between the shaft
and the vessel wall to the vessel wall from the top of the vessel to the floor shows
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no noticeable turbulence. If low shear flow is desired, the 4PBT45 axial impeller
is more favourable than the 4SBT90 radial impeller.
6.3 Impeller diameter
The effect of impeller diameter on turbulent shear stress is significant. Maximum
TSS values due to an increase in impeller diameter from 38mm to 50mm for a
4PBT45 increase by a factor of 4. In the case on the 4SBT90 the difference
in maximum TSS values is much smaller. For both impeller types however the
distribution of TSS within the stirred vessel is much more uniform. Figures 6.5(a)
and 6.5(b) show contour plots of TSS at varying impeller diameter for a 4PBT45
and a 4SBT90 respectively.
Figure 6.5: Turbulent shear stresses at varying impeller diameter -




The progression of turbulent shear stress magnitude and distribution over the 6
phase angles is shown in figures 6.6 and 6.7 for 45mm 4PBT45 impellers both
without and with the presence of baffles respectively. The images give TSS values
for the xy plane and it must be noted that the values do not consider the fluid
density. For final values in N
m2
the given values in m
2
s2
must by multiplied by
the density of water; 1000 kg
m3
. While TSS values and distribution throughout
most of the stirred vessel remain consistent, there are noteworthy differences in
the impeller zone. From 0◦ until until 45◦ phase angle the high TSS zone shifts
away from the impeller at a 45◦ angle towards the vessel floor curvature. A small
area of TSS above the impeller blade at 0◦, 15◦ and 30◦ just above the impeller
blade moves down in accordance with the axial impeller flow pattern, between
the impeller blade at 45◦ phase angle, the position between two impeller blades
tips where it is intensified. That high shear zone then also shifts away from the
impeller blade tips and joins up with the previously described high TSS zone at
60◦ and 75◦ phase angles. The merged TSS zone remains in the same location as it
had been at 45◦ phase angle. The described effect is visible both with and without
the presence of baffles, however with baffles in the system the high TSS zone is
beneath the impeller blade rather than at the impeller tip as in the case without
baffles. As TSS values are higher with baffles present the described progression
throughout the phase angles is more clearly visible. From 0◦ to 30◦ phase angle
only one high TSS zone is detected in the impeller zone whereas from 45◦ to 75◦
phase angle two adjacent high TSS zone are visible even if their intensity is lower.
At 45◦ phase angle the initial high TSS zone that originated at 0◦ phase angle is
larger than the second one that originated at the 45◦ phase angle. At 60◦ phase
angle both are about the same in terms of size and intensity and at 75◦ phase
angle the initial TSS zone is significantly smaller than the second one. This shows
the dissipation of turbulent shear stress.
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Figure 6.6: TSS at all 6 phase angles from vertical plane without baffles
- 45mm 4PBT45
Figure 6.7: TSS at all 6 phase angles from vertical plane with baffles -
45mm 4PBT45
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6.5 Influence of rotational speed and baffles
An example of the influence of rotational speed and baffles on turbulent shear
stress is shown in figure 6.8 for the 45mm 4PBT45 impeller. As previously dis-
cussed the insertion of baffles increases velocities and velocity gradients in stirred
vessels and increases turbulent shear stress. The same is the case when rotational
speeds are increased. The way in which increased rotational speed and baffles
influence the TSS distribution in a stirred vessel differs. Increasing rotational
speed does not change the general flow pattern and thus does not change the
general TSS distribution but instead simply increases TSS values and leads to a
wider spread of turbulent zones throughout the stirred vessel. This leads to TSS
zones even at the fluid surface of the mixing vessel at 300 and 375 rpm which is
not the case at 200 rpm. Additionally the area below the impeller shaft becomes
turbulent as a result of increased rotational speed with a 45mm 4PBT45 impel-
ler. The insertion of baffles on the other hand does change the flow pattern and
thus the velocity distribution and the velocity gradients in the stirred vessel and
consequently the TSS distribution throughout the vessel in addition to a general
increase in TSS values. The highest TSS zone shifts from the lowest point of
the impeller tip to a position below the centre of the impeller blade. Around
the baffle itself due to the vortices at the baffles and the increased fluid accele-
ration when moving around it there is increased TSS at the inner baffle edge in
particular at the impeller blade level. A further high TSS zone is generated due
to the presence of baffles above the impeller blade and at an angle towards the
vessel wall and the fluid surface. The reason this is particularly noteworthy is
that without baffles in the system that very same area is a very low TSS zone.
This comparison can be made at all three rotational speeds however particularly
well at 300 rpm.
Contour plots captured from the horizontal measurement plane as shown in
figure 6.9 confirm the previously discussed results from the vertical measurement
plane. The increase in rotational speed increases the values of TSS while maintai-
ning the same pattern of TSS distribution and the insertion of baffles changes the
TSS distribution while also increasing the TSS values. Regardless of rotational
speed or the presence of baffles there is a more even distribution of TSS in the
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Figure 6.8: TSS from vertical plane with and without baffles - 45mm
4PBT45, 0◦ phase angle
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Figure 6.9: TSS from horizontal plane with and without baffles - 45mm
4PBT45, 0◦ phase angle
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horizontal plane than in the vertical plane. Higher local maximum values are
reached in the vertical plane while also generating lowest TSS zones, particularly
at the fluid surface and beneath the impeller shaft. Finally, it should be noted
that the presence of baffles prevents solid body rotation and vortex formation
around the impeller shaft.
6.6 Shear profiles in 1L vessel
The phase resolved radial profiles of turbulent shear stress in the vertical xy-
plane are calculated from velocity fluctuations of radial and axial velocities. In
the case of the 4PBT45, TSS values between phase angles at the impeller tip
are anisotropic and the differences between the 6 phase angles investigated are
quite large, see figure 6.10(a) however the variance in TSS due to the periodic
forces generated by the blades decreases with distance from the impeller zone
(Yianneskis et al., 1987). From a radial position half way between the impeller tip
and the vessel wall to the vessel wall the TSS values at all 6 phase angles become
isotropic. This is a logical consequence of the fact that the radial and axial
velocity values the TSS values were calculated from were also nearly identical for
all 6 phase angles in the same area of the stirred vessel. Hockey and Nouri (1996)
reached the same conclusion in their measurements of turbulence around a PBT
using Laser Doppler Velocimetry (LDV). The spread of TSS values between phase
angles increases with increased rotational speed as was the case with velocity
values. In all cases, when using a 4PBT45 at any of the three rotational speeds the
highest TSS values are reached at 0◦ phase angle. That means, when identifying
the highest TSS value of that impeller, only the 0◦ phase angle needs to be
considered.
The differences in TSS values for all 6 phase angles in the impeller zone of
4PBT60 impellers are much smaller compared to the 4PBT45, see figure 6.10(b).
Their profiles increase initially away from the impeller tip and then decrease in
TSS values away from the impeller zone. They then increase again close to initial
values at the vessel wall. TSS values at all 6 phase angles are nearly the same
from about half way between the impeller blade and the vessel wall to the vessel
wall at all three rotational speeds.
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(a) (b)
(c) (d)
Figure 6.10: Radial profiles of TSS from vertical plane at varying phase angles
at 300 rpm; 4PBT45 (a), 4PBT60 (b), RCI (c), 4SBT90 (d)
TSS profiles of the RCI are much more orderly across the radial profile with
much smaller differences in TSS values between the phase angles investigated.
The profile shape as seen in figure 6.10(c) is virtually the same at 375 rpm however
at 200 rpm the profile shape is much different with no increase in TSS away from
the impeller tip. The increase in TSS away from the impeller tip at 300 and
375 rpm is due to large vortex formation at the higher Reynolds numbers and as
vortices develop and move radially away from the impeller, regions of maximum
TSS do as well. At 300 and 375 rpm the shapes of the radial profiles of TSS not
only resemble one another but their TSS values at the respective 6 phase angles
reach common values close to the vessel wall at r
R
of approximately 0.8. Even
before that point TSS values across all 6 phase angles are similar in values and
thus there is consistency in terms of general profile shape between phase angles.
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Data points for the RCI at 75◦ phase angle are not shown as the overexposure of
laser light off the impeller blade prevented motion capture of tracer particles in
that area of the vessel.
While TSS profiles of 4SBT90 impellers are appear random their range of TSS
values is much smaller than in the case of the RCI, see figure 6.10(d). Values of
TSS across the 6 phase angles investigated never reach a common value. Close to
the vessel wall however, profile shapes and TSS values are similar for all 6 phase
angles and at all three rotational speeds.
The phase resolved radial profiles of turbulent shear stress in the horizontal
xz-plane are calculated from velocity fluctuations of radial and tangential velo-
cities. The relevant impeller specific profile shapes generated from data from
the horizontal measurement plane are noticeably more influenced by rotational
speed. While profile shapes remain consistent with increased rotational speed,
there is a greater variation in values from lowest to highest. A wide spread in
TSS values between phase angles is seen once again for the 4PBT45, see figure
6.11(a), however the radial position at which all 6 phase angles produce virtually
the same TSS values is much closer to the impeller tip than was the case in the
xy-plane and is between r
R
of 0.6 and 0.7 at all three rotational speeds. The
increase in spread of initial TSS values at the impeller tip with rotational speed
is even greater in the horizontal plane. Maximum TSS values in the horizontal
plane just like the vertical plane are reached at 0◦ phase angle for the 4PBT45. In
the horizontal measurement plane the 4PBT60 also shows less variation in TSS
values in the impeller zone at the 6 phase angles investigated, see figure 6.11(b)
and demonstrates a good overlap in TSS values away from the impeller zone.
The profile shapes generated by the radial impellers are again much different
than those generated by the axial impellers, see figures 6.11(c) and 6.11(d). Both
radial impellers produce the highest TSS in the impeller zone and it is much higher
there than at the vessel wall. Maximum TSS values reached are significantly
higher with radial impellers compared to axial impellers. The variation in TSS
values by phase angle is much greater for both radial impellers with maximum
values reached at 0◦ and 75◦ phase angle for the RCI and 60◦ and 75◦ phase
angle for the 4SBT90. Common TSS values at all phase angles are only reached
at approximately r
R
=0.8. The general profile shapes of TSS differ noticeably
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(a) (b)
(c) (d)
Figure 6.11: Radial profiles of TSS from horizontal plane at varying phase angles
at 300 rpm; 4PBT45 (a), 4PBT60 (b), RCI (c), 4SBT90 (d)
between the vertical and horizontal plane. Considerably higher values of TSS
are reached in the horizontal measurement plane. This is a consequence of the
fact that tangential velocities and their fluctuating components are greater than
axial velocities and their fluctuating components in unbaffled systems with radial
velocities and their fluctuating components being equal in both measurement
planes. The overall highest TSS values are achieved by the radial impellers. The
axial impellers produce less shear with the 4PBT60 producing the least followed
by the 4PBT45. Table 6.2 gives maximum values of TSS for each impeller type at
each phase angle and for both measurement planes and presents the difference in
TSS values between the two planes while tables 6.1 and 6.3 give values at 200 and
375 rpm respectively. The values show that TSS in the xz measurement plane
is always significantly higher than in the xy-plane and the difference in value
133
6. SHEAR STRESS
between the two measurements planes increases with rotational speed. Three
example values of τlam are given as calculated from equation 6.2 for the steepest
velocity gradients measured. They were taken from the 4SBT90 at 300 rpm
and return the following τlam values; from tangential velocities without baffles
(0.013 N
m2
) with baffles (0.030 N
m2




6.6 Shear profiles in 1L vessel
Table 6.1: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 200 rpm without baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.273 0.183 0.167 0.177 0.158 0.195
xy 4PBT60 0.131 0.141 0.152 0.137 0.148 0.122
xy RCI 0.356 0.455 0.278 0.294 0.273 0.146
xy 4SBT90 0.131 0.252 0.212 0.22 0.225 0.157
xz 4PBT45 0.289 0.254 0.261 0.237 0.227 0.266
xz 4PBT60 0.251 0.322 0.344 0.302 0.272 0.255
xz RCI 0.916 0.607 0.539 0.695 0.841 0.931
xz 4SBT90 0.618 0.454 0.445 0.824 1.339 0.919
Difference xz-xy 4PBT45 0.016 0.071 0.094 0.06 0.069 0.071
Difference xz-xy 4PBT60 0.12 0.181 0.192 0.165 0.124 0.133
Difference xz-xy RCI 0.56 0.152 0.261 0.401 0.568 0.785
Difference xz-xy 4SBT90 0.487 0.202 0.233 0.604 1.114 0.762
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Table 6.2: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 300 rpm without baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.302 0.231 0.202 0.194 0.222 0.293
xy 4PBT60 0.169 0.157 0.167 0.149 0.153 0.153
xy RCI 0.384 0.475 0.44 0.405 0.387 0.372
xy 4SBT90 0.205 0.162 0.18 0.248 0.311 0.197
xz 4PBT45 0.625 0.463 0.406 0.463 0.428 0.508
xz 4PBT60 0.421 0.426 0.34 0.398 0.435 0.396
xz RCI 1.334 1.069 0.932 1.004 1.155 1.472
xz 4SBT90 1.165 0.781 0.749 0.982 1.425 1.487
Difference xz-xy 4PBT45 0.323 0.232 0.204 0.269 0.206 0.215
Difference xz-xy 4PBT60 0.252 0.269 0.173 0.249 0.282 0.243
Difference xz-xy RCI 0.95 0.594 0.492 0.599 0.768 1.1
Difference xz-xy 4SBT90 0.96 0.619 0.569 0.734 1.114 1.29
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Table 6.3: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 375 rpm without baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.351 0.269 0.25 0.268 0.282 0.28
xy 4PBT60 0.186 0.188 0.21 0.193 0.185 0.194
xy RCI 0.37 0.387 0.4 0.383 0.298 0.285
xy 4SBT90 0.154 0.16 0.163 0.173 0.262 0.168
xz 4PBT45 0.829 0.626 0.486 0.469 0.566 0.686
xz 4PBT60 0.564 0.611 0.527 0.571 0.507 0.492
xz RCI 1.418 1.401 1.3 1.03 1.078 1.406
xz 4SBT90 1.385 1.203 1.088 1.002 1.564 1.576
Difference xz-xy 4PBT45 0.478 0.357 0.236 0.201 0.284 0.406
Difference xz-xy 4PBT60 0.378 0.423 0.317 0.378 0.322 0.298
Difference xz-xy RCI 1.048 1.014 0.9 0.647 0.78 1.121
Difference xz-xy 4SBT90 1.231 1.043 0.925 0.829 1.302 1.408
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The most prominent effect of baffles is the large increase in TSS for all im-
pellers investigated, not just in terms of maximum value but also in terms of
mean value across the profile. TSS profiles of the 4PBT45 impeller in the vertical
plane of a 1L vessel show a high TSS peak at all 6 phase angles half way between
the impeller tip and the baffle. The TSS at that point are of similar value to
the highest TSS at the impeller tip. TSS values dip to their lowest values only
a few millimetres away from the baffle apart from values at 15◦ and 30◦ at the
impeller tip, before they increase again at the baffle edge. At 200 rpm the spread
between TSS values at the impeller tip is small however with increased rotational
speed the spread between TSS values at the different phase angles increases dra-
matically with baffles installed. Much higher TSS values are reached due to the
presence of baffles. At all rotational speeds the highest TSS values are reached
at 60◦ and 75◦ phase angles. Figure 6.12(a) shows radial profiles of TSS from the
vertical plane at varying phase angles for a 4PBT45 impeller at 300 rpm with
baffles installed. With the 4PBT60 impeller, baffles cause a greater variation in
TSS values between phase angles at the impeller tip and a more rapid reduction of
TSS values away from the impeller zone. A low shear point is present before the
inner baffle edge as seen with the 4PBT45, with an increase in TSS at the baffle
edge to values greater then those present at the impeller tip, see figure 6.12(b).
This is due to large changes in velocity at that location in the vessel. The RCI
produces much higher TSS values in the impeller zone which dissipate rapidly
to much lower values in the second half of the radial profile. The variance in
TSS values in the impeller zone is large and the low values in the second half are
common to all phase angles, see figure 6.12(c). It is a very similar case with the
4SBT90 however maximum TSS values are significantly higher. At each phase
angle a peak is produced away from the impeller blade however the individual
peaks do not overlap but are out of phase with one another, see figure 6.12(d).
TSS results from the horizontal xz-plane with baffles installed show more
chaotic profiles with a reduction in maximum TSS values in the impeller zone but
with less variation across the profile. The increase in TSS values with increasing
rotational speed seen without baffles remains the case with baffles installed. For
the 4PBT45 a peak similar to the one discussed in the xy-plane also exists in
the xz-plane only shifted closer to the baffle. There are again low TSS values
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(a) (b)
(c) (d)
Figure 6.12: Radial profiles of TSS from vertical plane at varying phase angles
with baffles at 300 rpm; 4PBT45 (a), 4PBT60 (b), RCI (c), 4SBT90 (d)
just before the baffle followed by a steep increase in TSS reaching its maximum
at the baffle edge, see figure 6.13(a). The 4PBT60 generates peaks at the same
location in the vessel as the 4PBT45 generating slightly higher TSS values. The
TSS increase at the baffle edge is more prominent with the 4PBT60. The profiles
of the RCI show a large variance between phase angles in the impeller zone and
up to half way along the radial profile at which point the values drop rapidly to
very similar values at all phase angles. There are significant variances in initial
TSS values in the impeller zone of the 4SBT90 which increase with increased
rotational speed. TSS values then increase towards a peak at approx. r
R
=0.7
which is shared by the TSS profiles of all phase angles except 60◦. Just beyond
that position TSS of all 6 phases reach very similar values until they overlap from
approx. r
R




Figure 6.13: Radial profiles of TSS from horizontal plane at varying phase angles
with baffles at 300 rpm; 4PBT45 (a), 4SBT90 (b)
give maximum TSS values for all four impeller types at each phase angle and for
both measurement planes with baffles installed. Values show that while TSS in
the xz-plane is greater than TSS in the xy-plane for radial impellers, TSS in the
xy-plane is greater than TSS in the xz-plane for axial impellers.
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Table 6.4: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 200 rpm with baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.316 0.313 0.275 0.291 0.307 0.309
xy 4PBT60 0.338 0.34 0.344 0.357 0.371 0.376
xy RCI 0.675 0.36 0.534 1.14 0.732 0.747
xy 4SBT90 0.925 0.598 0.643 0.611 0.98 1.055
xz 4PBT45 0.141 0.13 0.142 0.14 0.143 0.147
xz 4PBT60 0.253 0.256 0.254 0.277 0.277 0.261
xz RCI 0.992 0.84 1.252 1.959 1.294 1.018
xz 4SBT90 0.979 0.893 0.896 0.911 0.666 0.845
Difference xz-xy 4PBT45 -0.175 -0.183 -0.133 -0.151 -0.164 -0.162
Difference xz-xy 4PBT60 -0.085 -0.084 -0.09 -0.08 -0.094 -0.115
Difference xz-xy RCI 0.317 0.48 0.718 0.819 0.562 0.271
Difference xz-xy 4SBT90 0.054 0.295 0.253 0.3 -0.314 -0.21
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Table 6.5: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 300 rpm with baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.514 0.508 0.54 0.541 0.614 0.603
xy 4PBT60 0.669 0.642 0.64 0.686 0.663 0.668
xy RCI 0.994 0.728 0.641 0.575 0.697 0.828
xy 4SBT90 1.544 1.048 0.851 1.181 1.529 1.346
xz 4PBT45 0.247 0.275 0.267 0.285 0.311 0.306
xz 4PBT60 0.575 0.54 0.602 0.577 0.516 0.6
xz RCI 1.86 2.198 5.367 7.205 3.947 2.307
xz 4SBT90 1.545 1.501 1.687 1.362 1.331 1.594
Difference xz-xy 4PBT45 -0.267 -0.233 -0.273 -0.256 -0.303 -0.297
Difference xz-xy 4PBT60 -0.094 -0.102 -0.038 -0.109 -0.147 -0.068
Difference xz-xy RCI 0.866 1.47 4.726 6.63 3.25 1.479
Difference xz-xy 4SBT90 0.001 0.453 0.836 0.181 -0.198 0.248
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Table 6.6: Maximum values of TSS per impeller type and phase angle for both
measurement planes at 375 rpm with baffles.
Measurement Plane Imp. Type TSS values by phase angle [ N
m2
]
0◦ 15◦ 30◦ 45◦ 60◦ 75◦
xy 4PBT45 0.742 0.728 0.746 0.705 0.704 0.735
xy 4PBT60 0.662 0.652 0.678 0.709 0.716 0.652
xy RCI 0.445 0.352 0.986 0.591 0.687 0.635
xy 4SBT90 1.144 0.485 0.614 1.178 1.37 1.305
xz 4PBT45 0.459 0.467 0.467 0.517 0.532 0.515
xz 4PBT60 0.777 0.857 0.88 0.809 0.819 0.818
xz RCI 1.831 1.769 4.76 7.141 3.712 2.119
xz 4SBT90 2.149 4.215 2.494 1.699 1.898 2.23
Difference xz-xy 4PBT45 -0.283 -0.261 -0.279 -0.188 -0.172 -0.22
Difference xz-xy 4PBT60 0.115 0.205 0.202 0.1 0.103 0.166
Difference xz-xy RCI 1.386 1.417 3.774 6.55 3.025 1.484
Difference xz-xy 4SBT90 1.005 3.73 1.88 0.521 0.528 0.925
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6.7 Shear profiles at Scale-up
When comparing TSS values from different systems with different tip speeds
the TSS values can differ even by orders of magnitude making it difficult or
even impossible to compare the results in the same plot. Thus it is common to
normalise TSS in (m
s
)2 by dividing it by the square of the impeller tip speed so that
the larger TSS values achieved at higher tip speeds are then divided by a greater
denominator. The TSS profiles are similar in shape at all three rotational speeds,
low, medium and high. Normalized values of TSS over Utip
2 match well with
those reported by Sharp and Adrian (2001) who conducted phase averaged PIV
experiments on a Rushton turbine of 50.8 mm diameter with the same impeller
to tank ratio of 1
3





2 results from the vertical plane do not display a trend in terms of
consistent increase or decrease with scale. As values however are very close with
numerous intersections of the TSS
Utip
2 profiles between scales it suggests once again
that the best scale-up criteria was selected. There is no one scale that consistently
delivers the highest or lowest TSS
Utip
2 values. Some observations however can be
made. Both axial impellers display similar results and in the case of the 4PBT45,
shown of figure 6.14 (a), the highest TSS values are generated in the impeller
tip zone and drop off rapidly with distance from it. At 3.25L and 8.25L scale
TSS increases again at r/R of approximately 0.65 before reducing afain towards
the vessel wall. At all three scales TSS increases again at the vessel wall. The
TSS
Utip
2 profiles of the RCI are much different than those of the axial impellers. The
RCI produces a peak at all three scales at approximately r/R of 0.6 before TSS
values reduce towards the vessel wall. At the 1L and 8.25L scale values increase
again at the vessel wall, see figure 6.14(b). There is consistency in the general
profile shape per scale meaning that the profile shapes remain largely consistent
at scale-up with constant power to volume ratio.
TSS
Utip
2 profiles from the horizontal measurement plane show greater consistency
between the three scales, particularly for axial impellers. The shapes of the
profiles match very well in terms of both shape and values, see figure 6.15(a). For
the radial impellers two out of three scales match up well, for the RCI the 1L and
3.25L scale match well with a single peak away from the impeller while the profile
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(a) (b)
Figure 6.14: Radial profiles of TSS
Utip
2 from vertical plane at all three scales at
medium rpm; 4PBT45 (a), RCI (b)
of the 8.25L scale is flat by comparison, see figure 6.15(b). TSS
Utip
2 values for the RCI
at 8.25L scale are particularly low across the entire profile which supports claims
from industry partners that RCIs are a good low shear solution at plant scale.
For the 4SBT90 only the 1L scale delivers a peak away from the impeller and the
TSS
Utip
2 profiles of the 3.25L and 8.25L scales are both flat and overlap very well, see
figure 6.15(c). Values match well with Reynolds stress values given by Baldi and
Yianneskis (2004) who conducted PIV experiments with a Rushton turbine in 100
mm vessel. While Reynolds stresses and TSS are not the same the magnitude
of their values, based on average velocities in directions normal to one another
is similar. Values of one can serve as a guideline for values of the other. Baldi
and Yianneskis (2004) further states in their work that shear stress magnitude is
0.005Utip
2 which is also the case in this work. Table 6.7 gives estimated Reynolds




2 values are similar between the two measurement planes for axial impellers
however for radial impellers the TSS values are significantly higher in the hori-
zontal measurement plane. Tables 6.8, 6.9 and 6.10 give maximum TSS
Utip
2 values
for all three scales at low, medium and high rotational speeds respectively.
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Table 6.7: Estimated Reynolds stresses over Utip
























6.7 Shear profiles at Scale-up
(a) (b)
(c)
Figure 6.15: Radial profiles of TSS
Utip
2 from horizontal plane at all three scales at
medium rpm; 4PBT60 (a), RCI (b), 4SBT90 (c)
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Table 6.8: Maximum values of TSS
Utip
2 at all three scales for both measurement
planes at low rpm [200rpm (1L), 160rpm(3.25L), 127rpm(8.25L)].
Measurement Plane Imp. Type 1L 3.25L 8.25L
xy 4PBT45 0.273 0.588 0.196
xy 4PBT60 0.131 0.513 0.209
xy RCI 0.356 0.469 0.209
xy 4SBT90 0.131 0.247 0.227
xz 4PBT45 0.289 0.323 0.478
xz 4PBT60 0.251 0.204 0.387
xz RCI 0.916 1.647 0.206
xz 4SBT90 0.618 0.132 0.161
Difference xz-xy 4PBT45 0.016 -0.265 0.282
Difference xz-xy 4PBT60 0.12 -0.309 0.178
Difference xz-xy RCI 0.56 1.178 -0.003
Difference xz-xy 4SBT90 0.487 -0.115 -0.066
6.8 Turbulent Kinetic Energy
With velocities measured in all three directions along the radial profile, turbulent
kinetic energy (TKE) can be calculated. It is denoted as k and is half of the
sum of the squares of the fluctuating velocity components in all three directions













TKE values are plotted in figure 6.16 for the 4PBT45 at 0◦ phase angle at all
three scales without baffles and also at 1L scale with baffles present. TKE values
are very similar between the 1L scale without baffles and the 3.25L scale, however
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Table 6.9: Maximum values of TSS
Utip
2 at all three scales for both measurement
planes at medium rpm [300rpm (1L), 240rpm(3.25L), 191rpm(8.25L)].
Measurement Plane Imp. Type 1L 3.25L 8.25L
xy 4PBT45 0.302 0.621 0.7
xy 4PBT60 0.169 1.252 0.481
xy RCI 0.384 0.507 0.334
xy 4SBT90 0.205 0.408 0.661
xz 4PBT45 0.625 0.551 0.863
xz 4PBT60 0.421 0.4 0.605
xz RCI 1.334 2.279 0.312
xz 4SBT90 1.165 0.309 0.444
Difference xz-xy 4PBT45 0.323 -0.07 0.163
Difference xz-xy 4PBT60 0.252 -0.852 0.124
Difference xz-xy RCI 0.95 1.772 -0.022
Difference xz-xy 4SBT90 0.96 -0.099 -0.217
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Table 6.10: Maximum values of TSS
Utip
2 at all three scales for both measurement
planes at high rpm [375rpm (1L), 300rpm(3.25L), 239rpm(8.25L)].
Measurement Plane Imp. Type 1L 3.25L 8.25L
xy 4PBT45 0.351 0.977 1.572
xy 4PBT60 0.186 2.499 0.723
xy RCI 0.37 0.518 0.838
xy 4SBT90 0.154 0.537 0.763
xz 4PBT45 0.829 0.631 0.903
xz 4PBT60 0.564 0.678 1.341
xz RCI 1.418 3.268 0.671
xz 4SBT90 1.385 0.559 0.504
Difference xz-xy 4PBT45 0.478 -0.346 -0.669
Difference xz-xy 4PBT60 0.378 -1.821 0.618
Difference xz-xy RCI 1.048 2.75 -0.167
Difference xz-xy 4SBT90 1.231 0.022 -0.259
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marginally higher at 3.25L scale. At 8.25L scale the shape of the profile of TKE
is similar but values are over twice as high. The profile shape of TKE in the
1L vessel with baffles present is much different than the profile shapes without
baffles. There are TKE increases away from the impeller tip and at the baffle
edge with the lowest TKE values before the baffle edge at r/R = 0.8. At that
point TKE values are the same as in the system without baffles.





To avoid having to conduct complex and time consuming experiments to deter-
mine the maximum turbulent shear stress in a stirred vessel from fluctuating
velocities an equation estimating maximum TSS based on available parameters
is very useful. (Mersmann, 2001) developed equations relating maximum fluctua-
ting velocity and TSS to impeller power number. Power numbers of the impellers
used in this work could not be determined experimentally due to insufficient
sensitivity of measuring equipment at low power input. The literature however
provides power numbers of various impeller types and how they vary depending
on their dimensions. The same impeller type with a higher width to diameter
ratio has a higher power number then with a lower ratio and the 3D printed
impellers in this work have a relatively high width to diameter ratio of 1
3
. Power
numbers of the impellers used are estimated to be 2 for 4PBT45 (Paul et al.,
2004), (Calabrese et al., 2014), 2.2 for a 4PBT60 (Hockey and Nouri, 1996), 3.5
for RCI (Paul et al., 2004), (Rashid et al., 2013) and 4 for 4SBT90 (Paul et al.,
2004), (Calabrese et al., 2014). The estimated values allow for calculations of
maximum fluctuating velocities and TSS as a guideline of the magnitude of the








≈ 0.03 Poturb (6.10)
where v′eff,max is the maximum fluctuating velocity, n is the rotational speed
in [1
s
], Poturb is the power number, τs,turb is the turbulent shear stress and ρsus is
the density of the suspension. The corrective factor 0.03 in equation 6.10 leads to
an overestimation of TSS compared to experimental values both in this work and
in the experimental work of other authors (Sharp and Adrian, 2001). Based on
this experimental work an alternative correction factor c is proposed along with
a further factor accounting for the influence of baffles. The modified equation for
max TSS estimation is as follows
τs,turb ≈ c b Poturb(nπD)2ρsus (6.11)
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While it is acknowledged that three data points per curve are not sufficient for
accurate prediction, the linear curve fitting proves to have reliable accuracy with
95% confidence bounds and R2 of 0.89 and 0.98 for 4PBT45 and 4SBT90 re-
spectively. Figure 6.17 shows TSS over rpm for an axial impeller (4PBT45) at all
scales while figure 6.18 does the same for a radial impeller (4SBT90). Across all
data sets for all scales and at all rotational speeds a correction factor of 0.0005
provides the best prediction of maximum TSS values. The baffles factor b varies
depending on the impeller type used as it dictates the flow loops in the vessel.
Radial impellers have much greater impeller-baffle interaction as the jet from ra-
dial impeller tips impinges directly on the baffles while axial impeller flow loops
lead to fluid-baffle interactions at much lower velocities and much lower turbulent
shear stresses. Consequently maximum TSS values do not increase with baffles
when axial impellers are used but increase significantly when radial impellers are
used. The baffle factor based on this work is 5 for RCIs and 2.7 for SBTs. For ax-
ial impellers and when baffles are not present b=1. Equation 6.11 for a 4PBT45
with or without baffles would be:
τs,turb ≈ 0.0005 Poturb(nπD)2ρsus (6.12)
Further (Mersmann, 2001) gives an equation relating normalized TSS to Power
Figure 6.17: 4PBT45 data points of TSS over rpm used for curve fitting
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Figure 6.18: 4SBT90 data points of TSS over rpm used for curve fitting
Number and impeller, tank geometry. While impeller and tank geometry and
ratios affect TSS, in this work they are kept constant at all scales so that the
data does not provide any information on the effects of changes to shapes and













Figure 6.19 shows TSS as a function of Power Number, impeller tip speed and
impeller, tank geometry ratios for both axial impellers. A clear trend can be
seen showing a close to linear increase with a slope of 0.06 of TSS relative to the
parameters listed making predictions of TSS in stirred vessels agitated by axial
impellers predictable with good accuracy. In this case R2 = 0.83
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Figure 6.19: TSS as a function of Power Number, tip speed and impeller,




TSS distribution throughout the 1L stirred vessel is most even at impeller cle-
arance D
5
for a 4PBT45 and D
3
for a 4SBT90 as turbulent flow more accurately
follows global flow loops. The impeller type has a very noticeable effect on tur-
bulence in terms of turbulence value, distribution and also the position of the
highest turbulence zone. Maximum turbulence values are higher with the 38mm
4SBT90 than with the 38mm 4PBT45 and high turbulence values are present in
greater areas of the stirred vessel. If low shear flow is desired, the 4PBT45 axial
impeller is more favourable than the 4SBT90 radial impeller. Maximum TSS va-
lues due to an increase in impeller diameter from 38mm to 50mm for a 4PBT45
increase by a factor of 4. TSS values in the impeller zone vary considerably bet-
ween phase angles while they remain constant throughout most of the rest of the
vessel. A high TSS zone develops at the impeller blade at 0◦ phase angle and
moves away from the blade in the direction of the respective global flow loop,
radially towards the vessel wall for radial impellers and at the respective angle
down from the impeller blade for axial impellers. Increasing rotational speed does
not change the general flow pattern and thus does not change the general TSS
distribution but instead simply increases TSS values and leads to a wider spread
of turbulent zones throughout the stirred vessel. The insertion of baffles changes
the flow pattern and thus the velocity distribution and the velocity gradients in
the stirred vessel and consequently the TSS distribution throughout the vessel in
addition to a general increase in TSS values. The highest TSS zone shifts from
the lowest point of the impeller tip to a position below the centre of the impeller
blade. Around the baffle itself due to the vortices at the baffles and the increased
fluid acceleration when moving around it there is increased TSS at the inner baffle
edge in particular at the impeller blade level. Regardless of rotational speed or
the presence of baffles there is a more even distribution of TSS in the horizontal
plane than in the vertical plane. Higher local maximum values are reached in the
vertical plane while also generating lowest TSS zones, particularly at the fluid
surface and beneath the impeller shaft.
At the impeller tip the differences in TSS values between the 6 phase angles
investigated are quite large however the spread in values reduces with distance
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from the impeller tip. This is the case for both the vertical and horizontal mea-
surement planes. The spread of TSS values between phase angles increases with
increased rotational speed, regardless of impeller type and applies to systems both
with and without baffles. From a radial position half way between the impeller
tip and the vessel wall to the vessel wall the TSS values at all 6 phase angles are
nearly identical.
When baffles are present TSS values generated by axial impellers dip to their
lowest values only a few millimetres away from the baffle before they increase
again at the baffle edge. Without baffles maximum TSS values show that TSS
in the xz measurement plane is always considerably higher than in the xy-plane
and the difference in value between the two measurements planes increases with
rotational speed. With baffles installed TSS in the xz-plane is bigger than TSS
in the xy-plane for radial impellers and TSS in the xy-plane is bigger than TSS
in the xz-plane for axial impellers.
TSS
Utip
2 profiles are similar in shape at all three rotational speeds, low, medium
and high. Profile shapes remain largely consistent at scale-up with constant po-
wer to volume ratio. TSS
Utip
2 values are similar between the two measurement planes
for axial impellers while for radial impellers the TSS values are significantly hig-
her in the horizontal measurement plane. In the horizontal measurement plane
the shapes of the profiles match very well in terms of both shape and values,
particularly for axial impellers.
As discussed in chapter 2, shear stress is a function of the velocity gradient and
the fluctuating velocity components. While this generally refers to a change in
velocity over location as demonstrated by the velocity profiles in chapter 5 where
changes in velocity are presented over the radial profile, the change in a spe-
cific location over time was also considered in non phase resolved experiments
which produced lower maximum values. Ultimately what matters is the change
in velocity regardless of whether the change is a function of space or time. When
comparing phase resolved radial velocity profiles of in particular axial velocity
components between the different impeller types it was pointed out in chapter 5
that the variation between velocities at the 6 phase angles investigated are sig-
nificantly greater with radial impellers compared to axial impellers. Thus radial
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impellers produce greater changes in velocity at the impeller tip compared to ax-
ial impellers. With all three velocity components known for all three scales and
in the case of the 1L vessel also with baffles present, the fluctuating components
were used to calculate turbulent kinetic energy. It it shown that TKE values are
very similar between the 1L scale without baffles and the 3.25L scale, however
marginally higher at 3.25L scale. At 8.25L scale the shape of the profile of TKE
is similar but values are over twice as high. The profile shape of TKE in the
1L vessel with baffles present is much different than the profile shapes without
baffles. There are TKE increases away from the impeller tip and at the baffle
edge with the lowest TKE values before the baffle edge. An equation has been
developed to predict TSS is stirred vessels based on basic known parameters as





A large number of PIV experiments were carried out with the ultimate goal being
to determine TSS values for varying impeller types and to establish a link to the
variation of Particle size distributions of batch cooling crystallization experiments
using the same impellers. In order to better understand the hydrodynamics is
stirred vessels and to best define the experimental set-up conditions of both PIV
and crystallization experiments a number of varying set-up options were tested
and compared.







and it was concluded that the most uniform mixing in terms of both velocity
distribution and value is achieved at D
5




Different impeller types were tested and compared, initially a 4BPT45 and a
4SBT90. It is shown that the different types, axial and radial generate different
global flow loops and also dictate to location of highest velocity in the vessel.
While always in the impeller zone, radial impellers produce the highest velocities
radially away from the impeller tip whereas axial impeller produce the highest
velocities below the impeller blades. The impeller type has a very noticeable effect
on turbulence in terms of turbulence value, distribution and also the position of
the highest turbulence zone. Maximum turbulence values are higher with the
38mm 4SBT90 than with the 38mm 4PBT45 and high turbulence values are
present in greater areas of the stirred vessel. If low shear flow is desired, the
4PBT45 axial impeller is more favourable than the 4SBT90 radial impeller.
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Further, varying impeller diameters were investigated. An increase in impeller
diameter provides an increase in fluid velocity due to higher tip speeds with larger
high velocity zones and with greater velocity maxima. Maximum TSS values due
to an increase in impeller diameter from 38mm to 50mm for a 4PBT45 increase by
a factor of 4. Phase locked PIV experiments were conducted to examine velocities
at varying locations in the vessel and to establish at which phase angle TSS values
are highest. It is shown that TSS values in the impeller zone vary considerably
between phase angles while they remain constant throughout most of the rest of
the vessel. A high TSS zone develops at the impeller blade at 0◦ phase angle and
moves away from the blade in the direction of the respective global flow loop,
radially towards the vessel wall for radial impellers and at the respective angle
down from the impeller blade for axial impellers. All PIV experiments apart for
the impeller clearance experiments were conducted at varying rotational speeds.
Increasing rotational speed does not change the general flow pattern and thus does
not change the general TSS distribution but instead simply increases TSS values
and leads to a wider spread of turbulent zones throughout the stirred vessel. The
effect of baffles on the hydrodynamics of stirred vessels was also investigated and
it was concluded that baffles increase localised velocities due to impeller and baffle
proximity and the flow around the static baffle. While increased rotational speed
causes greater velocities across the radial profile and generally throughout the
stirred vessel, values of Ūr
Utip
compare well across rotational speeds investigated.
This is the case for radial, axial and tangential velocity profiles. The insertion of
baffles changes the flow pattern and thus the velocity distribution and the velocity
gradients in the stirred vessel and consequently the TSS distribution throughout
the vessel in addition to a general increase in TSS values. The highest TSS zone
shifts from the lowest point of the impeller tip to a position below the centre of the
impeller blade. Around the baffle itself due to the vortices at the baffles and the
increased fluid acceleration when moving around it there is increased TSS at the
inner baffle edge in particular at the impeller blade level. The difference between
the two steel impellers investigated is marginal however due to the presence of
minor poor mixing zones seen beneath straight blade turbines it would have to
be argued that the pitched blade turbine is slightly favourable. Regardless of
impeller type, the 50mm impeller with an impeller to tank diameter ratio of
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0.5 (compared to 0.3 for the 38mm impeller) provides higher fluid velocities.
Regardless of rotational speed or the presence of baffles there is a more even
distribution of TSS in the horizontal plane than in the vertical plane. Higher local
maximum values are reached in the vertical plane while also generating lowest
TSS zones, particularly at the fluid surface and beneath the impeller shaft.
PIV experiments were extended to include four impellers, two axial and two
radial. The axial impellers are a 4PBT45 and a 4PBT60, the radial impellers
are an RCI and a 4SBT90. Results on 3D-print impellers show that velocities
in the impeller zone vary by phase angle, beyond that velocities all phase angles
generate the same velocities and profiles become very smooth. The higher the
rotational speed, the closer to the impeller tip the velocities at all 6 phase angles
converge. All maximum velocities regardless of phase angle are reached at the
impeller tip. Both axial impellers have very similar profiles of radial velocity
in terms of general shape, however radial velocity gradients in the impeller tip
zone are marginally higher using a 4PBT60 versus a 4PBT45. Radial velocities
of axial impellers away from impeller zone are close to zero. The steeper the
blade angle with 90◦ being the maximum, the more energy input into the radial
direction. This also explains why radial impellers generate much higher radial
velocities than axial impellers. With radial impellers, a continuous, nearly linear
drop in radial velocity can be seen at all rotational speeds once the velocities
of all phase angles has converged. Maximum radial velocities achieved by all
fou impellers from lowest to highest are; 4PBT45, 4PBT60, RCI and 4SBT90.
With baffles installed radial velocities generated in the 1L vessel are consistently
higher across all three rotational speeds. Due to the influence of baffles, the
difference between radial velocities generated by the radial and axial impellers is
significantly increased. For all impeller types and regardless of whether baffles are
present, the higher the rotational speed the lower Ūr
Utip
is, unless the flow is reversed
in which case the opposite is the case. Further, with increased rotational speed the
gradient of Ūr
Utip
decreases. Without baffles the distance reduced with increased
rotational speed, this is also the case for axial impellers with baffles present
however it is the opposite with distances increasing with rotational speed for
radial impellers when baffles are installed. Baffles cause flow reversal for all four
impellers just before the baffle itself, this effect is much higher for axial impellers
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then radial impellers. Both radial impellers show maximum axial velocities at
0◦ phase angle regardless of rotational speed. Values of Ūa
Utip
reduce slightly with
increased rotational speed. This is the case for both systems with and without
baffles. Without the presence of baffles there is a more pronounced difference in
profile shapes between radial and axial impellers used compared to the system
with baffles installed. With baffles installed axial velocities at the tips of the axial
impellers increase by about a factor of four while those at the vessel wall increase
by as much as double. Consequently the velocity gradients are much steeper when
baffles are in place. Radial profiles of tangential velocity are the smoothest and
most consistent of the three velocity types and the tangential velocity differences
by phase angle in the impeller zone are by far the smallest. With baffles installed,
tangential velocity values are lower by about a factor of 1.5 compared to results
using the same set-up only without baffles present. With baffles installed the
different phase angles cause greater variation of particle velocities in the impeller
zone and the distance from the impeller tip at which the velocities at all phase
angles converge to a common value. The slopes of the velocity gradients are
significantly steeper at all phase angles, for all impeller and at all rotational
speeds when baffles are present. At the impeller tip the differences in TSS values
between the 6 phase angles investigated are quite large however the spread in
values reduces with distance from the impeller tip. This is the case for both
the vertical and horizontal measurement planes. From a radial position half way
between the impeller tip and the vessel wall to the vessel wall the TSS values at
all 6 phase angles are nearly identical. The spread of TSS values between phase
angles increases with increased rotational speed, regardless of impeller type. As
discussed in chapter 6 the radial impellers produce much higher TSS than the
axial impellers with the 4SBT90 producing the most followed by the RCI. The
4PBT60 produces the least TSS of all four impellers with the 4PBT45 generating
only slightly higher TSS values. Those findings are also reflected in the PSDs
of the batch cooling crystallization experiments. The radial impellers generate
more particle fines and the mean particle sizes they produce are much lower than
those of the axial impellers. The 4SBT90 produces the smallest mean particle
size while the RCI generates the highest volume of fines. Both axial impellers
generate much larger mean particle sizes and also deliver particles in much larger
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size ranges compared to both radial impellers. The 4PBT60 produces the largest
mean particle size, only slightly larger than that of the 4PBT45 and even fewer
fines. When baffles are present TSS values generated by axial impellers dip to
their lowest values only a few millimetres away from the baffle before they increase
again at the baffle edge. Without baffles maximum TSS values show that TSS
in the xz measurement plane is always significantly higher than in the xy-plane
and the difference in value between the two measurements planes increases with
rotational speed. With baffles installed TSS in the xz-plane is bigger than TSS
in the xy-plane for radial impellers and TSS in the xy-plane is bigger than TSS
in the xz-plane for axial impellers.
Scale-up experiments were conducted according to constant power to volume
ratio in two scales, 3.25L and 8.25L. While net velocities increase with scale it is
not necessarily the case that Ū
Utip
values do so as well. In fact values of Ūa
Utip
remain
largely consistent with scale up by power to volume ratio. At both the 3.25L and
8.25L scale the shapes and values of radial profiles of radial velocity show great
consistency across all the rotational speeds investigated. Similarities between
profiles of radial velocity at the three scales depends greatly on impeller type.
With axial impellers the shapes and values of profiles are very similar. Both
radial impellers deliver significant differences in radial profiles upon scale-up.
The changes in profile shape between scales are largely independent of rotational
speed. At all three scales, similarity of the profile shapes and values of axial
velocity across varying rotational speeds is very noticeable. At 3.25L scale, axial
velocity changes across the radial profile are closest to linear when the RCI is
used. At both scale-up steps, the 4SBT90 generates the most consistent profiles
of axial velocity across rotational speeds investigated. The changes in profile
shapes as a result of scale-up are mainly close to the impeller tip and to a much
lesser degree at the vessel wall. Profile shapes and values of Ūa
Utip
for all four
impeller types across all three scales have very consistent values at low, medium
and high rotational speeds. The profile shapes of tangential velocities at 3.25L
and 8.25L scale are not greatly affected by rotational speed and their values of
Ūt
Utip
only vary slightly in some cases while there is an overlap of profiles of different
rotational speeds in other cases. Values of Ūt
Utip
generally reduce with scale when
scaling by power to volume ratio and the difference between values reduces with
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increased rotational speed. TSS
Utip
2 profiles are similar in shape at all three rotational
speeds, low, medium and high. Profile shapes remain largely consistent at scale-
up with constant power to volume ratio. TSS
Utip
2 values are similar between the two
measurement planes for axial impellers while for radial impellers the TSS values
are significantly higher in the horizontal measurement plane. In the horizontal
measurement plane the shapes of the profiles match very well in terms of both
shape and values, particularly for axial impellers. It it shown that TKE values
are very similar between the 1L scale without baffles and the 3.25L scale, however
marginally higher at 3.25L scale. At 8.25L scale the shape of the profile of TKE
is similar but values are over twice as high. The profile shape of TKE in the
1L vessel with baffles present is much different than the profile shapes without
baffles. There are TKE increases away from the impeller tip and at the baffle
edge with the lowest TKE values before the baffle edge. An equation has been
developed to predict TSS is stirred vessels based on basic known parameters as
follows; rotational speed, impeller diameter, estimate of impeller power number
and fluid density.
Recommendations for Future Work
The PIV scale-up experiments could be extended to larger scales to establish if
the conclusions drawn based on the investigated scales remain at larger scales.
The already investigated scales could be re-run with constant impeller width to
diameter ratio and results compared to the results of this work. Further, Laser
Doppler Anemometry (LDA) could be used to verify PIV results reported in this
work and would be of particular interest in high shear areas of the vessel.
A series of crystallization experiments similar to those conducted in this work
could be carried out at all constellations used in the PIV experiment series va-
rying the set-up by only one parameter per experiment in order to compare final
PSD results with calculated TSS values. The experimental series could be run at
all three scales considered in this work. While crystallization experiments at the
1L scale would be relatively easy to prepare due to the existence of fully equipped,
programmable crystallizer systems, this is not the case for crystallization expe-
riments at the larger scales. A set-up would have to be designed to accurately
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control the reactor temperature, would have to be sealed to prevent evaporation
of solvents and would have to allow for the insertion of probes, in particular a
temperature probe. Crystallization experiments could also be run using different
compounds to establish how sensitive individual APIs are to shear stress.
The experimental data collected in this work would be very useful to further
develop and optimize existing CFD models to more accurately predict hydrody-
namics in round bottomed stirred vessels. While existing models give reliable
predictions in the impeller region of stirred vessels, they do not provide accurate
predictions in the trailing vortex sweeping region and in the top region of the
vessel where Reynolds numbers are low (Sheng et al., 1998). As product yield is
of utmost value in the pharmaceutical industry, accurate CFD predictions would
prove to be very valuable preventing the need for time consuming PIV expe-
riments or even trial and error crystallization experiments until the most cost
efficient hydrodynamic conditions are established.
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Gómez, C., Bennington, C. and Taghipour, F. (2010), ‘Investigation of the flow field
in a rectangular vessel equipped with a side-entering agitator’, Journal of Fluids
Engineering 132, 051106–1 –051106–13. 14, 39, 40
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